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ABSTRACT
Previous researchers have used the extent of isoleucine epimerisation and stable carbon,
oxygen and nitrogen isotope ratios of ostrich (Struthio), emu (Dromaius) and Genyornis
eggshells to provide geochronological control and palaeoenvironmental information on
the Quaternary sequences from which these sample types are recovered.  This thesis
expanded this field of research by examining isoleucine epimerisation and the stable
isotopes ratios of cassowary (Casuarius), megapode (principally the Australian brush-
turkey, Alectura lathami) and Aepyornis eggshells.  The aims of the research were to (1)
increase our understanding of the ancient habitats of Casuarius, megapodes and
Aepyornis in order to provide information on how these ecosystems functioned, as well
as the nature and timing of the environmental change they have experienced, and (2) to
document the amino acid and stable isotope biogeochemistry of avian eggshells in novel
contexts in order to better understand the processes that influence these attributes.
Samples of Casuarius, Alectura lathami and Aepyornis eggshells were heated at high
temperatures (110, 143 and 160 ºC).  These experiments were used to determine the
temperature sensitivity of isoleucine epimerisation in these eggshell types, expressed in
terms of Arrhenius parameters, and to characterise the thermal stability of amino acids.
In the stratified archaeological sequences of Toé Cave, Kria Cave (Ayamaru Plateau,
West Papua, Indonesia), Liang Lemdubu and Nabulei Lisa (Aru Islands, Arafura Sea,
Indonesia) exposure to short-term high temperature heating events associated with
campfires complicated interpretation of the extent of isoleucine epimerisation in
Casuarius and megapode eggshells in terms of time and temperature.  The extent of
isoleucine epimerisation in Alectura lathami eggshells from Hay Cave (northeastern
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Queensland, Australia) enhanced the geochronological control for this site by clarifying
the presence of temporal breaks in the sequence and providing an age estimate for a
section of the sequence lacking age control.  Late Holocene and Pleistocene populations
of Aepyornis eggshells from the southern and southwestern coasts of Madagascar were
readily distinguished by the extent of isoleucine epimerisation they exhibit.
Relatively high stable carbon and oxygen isotope ratios (d13C and d18O values) in
Pleistocene Casuarius eggshells from the Aru Islands were consistent with a weaker
monsoon during the Last Glacial Maximum.  The absence of this trend in Pleistocene
Casuarius eggshells from the Ayamaru Plateau suggested the latter site is less sensitive
to fluctuations in monsoon effectiveness.  Supported by isotope analyses of modern
megapode eggshells, carbon fixed by C3 photosynthesis was identified at the base of the
Alectura food chain from the d13C values of Hay Cave megapode eggshells.  The
interpretation of Alectura eggshell d18O values was complicated by their wide range,
and this was most likely a product of the combined effects of evaporation on oxygen
isotope ratios and the protracted breeding season.  The lack of variation in the d13C and
d18O values of Aepyornis eggshells was attributed to subsistence on C3 vegetation and
the water of perennial groundwater-fed ponds, whereas enriched nitrogen isotope ratios
could be due to a number of factors including the infiltration of seawater into the littoral
water table.
Overall, the research presented an opportunity to examine the strengths and weaknesses
of information extrapolated from isoleucine epimerisation and isotope ratios in avian
eggshells in novel taxonomic and geographical settings.  The high temperature
experiments further documented the taxonomic dependency of the rate of isoleucine
xix
epimerisation in avian eggshells and indicated that the temperature sensitivity of this
reaction is similar amongst eggshells.  Although interpreting the extent of isoleucine
epimerisation in eggshells from archaeological sites in terms of time and temperature
was readily complicated by exposure to campfire heating events, the ability to
demonstrate a close correlation with independent age control indicated that this problem
is not ubiquitous in these contexts.  The d13C values of eggshells broadly identified the
vegetation that herbivorous birds consumed, and where the photosynthetic pathway of
this vegetation was known, eggshell d13C values provided information on the d13C value
of this biomass.  The nitrogen isotope ratios of eggshells could be successfully
integrated with existing knowledge of ancient habitats, and eggshell d18O values were
used to identify drinking water sources and trace climatically-significant changes in
these reservoirs over time.
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Eggshells as Late Quaternary Faunal Remains for
Biogeochemical Analyses
1.1 INTRODUCTION
Eggshells are an essential feature of the avian reproductive cycle, and their preservation
in geological sequences presents the opportunity to explore the importance of these
samples as biogeochemical archives.  In the first part of this chapter background
information on avian eggshells encountered in Quaternary sequences is provided.
Eggshells are commonly recovered from sand dunes and often represent large flightless
birds, some of which are extinct, but eggshells are also encountered in significant
abundances in archaeological sequences.  The inferences obtained from the presence of
avian eggshells in Quaternary sequences are readily enhanced by the application of
geochronological and biogeochemical analyses to the specimens.  Recent research into
the amino acid and stable isotope biogeochemistry of avian eggshells was stimulated by
evidence that ratite eggshells (i.e. the eggshells of flightless birds with a raft-like breast
bone) provide an excellent environment for the preservation of amino acids.
In the latter part of this chapter the principal research objectives of this thesis are
outlined.  The focus is on the amino acid and stable isotope biogeochemistry of
cassowary (Casuarius spp.), megapode (principally the Australian brush-turkey,
Alectura lathami) and elephant bird (Aepyornis spp.) eggshells.  Also in the latter half
of this chapter the reasons for the focus on these biogeochemical techniques and for
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their application to these three eggshell types are provided, and the aims of the research
are identified.  In addition, the structure of the thesis is outlined.
1.2 AVIAN EGGSHELLS
1.2.1   Eggshells in Quaternary sequences
Environments in which large numbers of eggshells have been encountered include
coastal dunes of New Zealand where hundreds of moa eggshells were collected for
morphometric analyses (Gill, 2000), the dunes of semi-arid Australia where hundreds of
Genyornis and emu (Dromaius) eggshells have been recovered (Williams, 1981), many
of which have been subjected to biogeochemical analyses (Miller et al., 1999b), the
dunes of Namibia where changes in eggshell assemblages provide a biostratigraphic
means of ordering the aeolian units (Pickford et al., 1995), and the coastal dunes of
southern Madagascar where Aepyornis eggshells occur in large numbers (Battistini &
Verin, 1972).
From these examples it is clear that aeolian landscapes provide excellent settings for the
preservation of eggshells over geological time.  Although eggshells can also be
recovered from former coastal rookeries (Olson & Hearty, 2003) and floodplains (where
dinosaur eggshells have been recovered in abundance, e.g. Chiappe & Dingus, 2001,
Cojan et al., 2003) the only other context in which eggshells are recovered in
appreciable numbers are archaeological sites.  Eggshells found in archaeological sites
commonly represent the remnants of meals consumed by people thousands of years ago
but may have been used as water vessels or fashioned into artefacts such as beads (e.g.
Robbins et al., 2000).  Eggs are a valuable food source because they contain proteins,
vitamins, minerals and fatty acids.  Egg proteins feature essential amino acids in the
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requisite proportions for human nutrition along with a large number of vitamins of
which A and D particularly abundant.  Bromine, iron and phosphorous are also
abundant.  However, compared with other foods, eggs are not rich sources of energy
despite the abundance of lipids in yolk.  Cooking increases the nutritional value of eggs
by initiating the denaturation of proteins thereby enhancing their digestibility.  Cooking
also increases the bioavailability of vitamins and minerals by denaturing proteins that
would otherwise bind these substances (Burley & Vadehra, 1989).
As they are prone to fracturing and abrasion, eggshells do not typically survive for long
periods exposed in high-energy environments.  Important exceptions to this generality
are the robust eggshells of ratites and other large flightless birds whose eggshells are
several millimetres thick.  On rare occasions, relatively thin eggshells are preserved for
thousands of years.  For example, the recovery of waterbird eggshells from geological
units associated with the presently ephemeral Lake Eyre are in accord with stratigraphic
evidence indicating that water was formerly a more permanent feature of this system
(Magee & Miller, 1998).  Because eggshells are fragile they are often recovered in or
close to their original depositional context.  In these instances eggshells provide insights
into the breeding ecology of species during prehistoric times.  For example, lacking
analogous modern species, the eggshells of dinosaurs provide rare insight into the
reproduction of these long extinct animals (Carpenter et al., 1994, Carpenter, 1999).
Furthermore, taphonomic analyses of damage to eggshells by predators can indicate the
presence of species that may be otherwise unrepresented in the palaeontological record.
For example, Williams (1981) observed holes in fragments of Genyornis eggshells
attributable to piercing by the canine teeth of Sarcophilus and Dasyurus based on the
diameter and spacing of this damage.
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Eggshells preserve their indigenous chemical residues well and this makes them
amenable to a variety of analytical techniques.  Evidence for the retention of amino
acids and the stability of stable isotope signatures in eggshells is reviewed in the
following chapters (Chapters 2 and 3).  Besides the interpretation of amino acid
composition in terms of age (Chapter 2), the geochronological technique most
commonly applied to avian eggshells is radiocarbon dating of eggshell calcite (e.g.
Berger et al., 1975, Horowitz et al., 1978, Long et al., 1983, Freundlich et al., 1989,
Higham, 1994, Vogel et al., 2001, Bird et al., 2003).  Other techniques capable of
directly dating eggshells have been applied in an experimental fashion.  These
applications include the uranium-series dating of Genyornis eggshells (Miller et al.,
1999b) and electron spin resonance dating of Aepyornis eggshells (J.-L. Schwenninger,
unpublished).  Techniques that have been used to extract palaeoenvironmental
information from avian eggshells include the analysis of stable isotope ratios of the light
elements carbon, nitrogen and oxygen, and the analysis of elemental composition.
Attempts to interpret the geographical provenance of eggshells using the latter
technique have so far proven unsuccessful perhaps due to noise introduced by trace
quantities of contaminants (Jacobson et al., 1996).  Analysis of isotope ratios has been
conducted on both the calcite (C, O) and organic fraction (C, N) of avian eggshells.
Amino acid-specific stable carbon isotope analyses have also been undertaken (see
Chapter 3).
1.2.2   The avian egg
Avian eggs come in a variety of sizes, shapes, colours and textures (Romanoff &
Romanoff, 1949).  They provide a chamber for the development of an embryonic bird,
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housing all the minerals and nutrients required during incubation, and are strong enough
to support the weight of a brooding parent yet weak enough to permit a hatchling to
escape.  During eggshell formation the organic and inorganic components of an eggshell
interact to produce a biomineral consisting of three structural layers: the mammillary
layer, the squamatic zone (also known as the palisade layer), and the external zone
(Mikhailov, 1997), all of which are intersected by pores that regulate the transfer of
gases and water vapour between the developing embryo and the external environment
whilst preventing invasion of the egg by microorganisms (Carey, 1983).
The following is a synthesis of the reviews of egg formation provided by Taylor (1980)
and Hincke et al. (1999).  Ovulation is the release of a mature ovum from the ovary into
the infundibulum where fertilisation converts an ovum into an embryo.  From the
infundibulum the egg progresses to the magnum where albumen is added in layers
around the yolk.  The egg then enters the white isthmus where the two membranes are
added.  The organic features at which calcification is initiated are known as mammillae,
and are formed on the outer membrane when the egg is in the red isthmus.  Precipitation
of the eggshell calcite takes place once the embryo is present in the uterus.  The first
layer to form is the mammillary layer and this consists of mammillary cones and
elongate calcite crystals that finger into the squamatic zone.  Once the mammillary layer
is deposited the crystals of the squamatic zone and external zone are precipitated.  The
outer surface of the shell may feature a thin organic cover known as the cuticle
(Mikhailov, 1997).
The predominant inorganic component of eggshell is calcium carbonate (CaCO3) in the
form of calcite (c. 97 %).  Magnesium carbonate and tricalcium phosphate are present in
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minor concentrations (< 1 %) (Burley & Vadehra, 1989).  Calcium phosphate in the
form of hydroxyapatite [Ca10(PO4)6(OH)2] may also be present in small amounts
localised in the inner layer of the cuticle (Hincke et al., 1999).  Organic components
account for approximately 3% of an eggshell and predominantly consist of proteins
(Romanoff & Romanoff, 1949).  The only eggshell-specific protein present is
ovocleiden-17.  Ovocleiden is the most abundant protein present in avian eggshell.
Other proteins in eggshells include eggwhite proteins (ovalbumin, lysozyme and
ovotransferrin), osteopontin, serum albumin and proteoglycan molecules (keratan and
dermatan sulphates) (Hincke et al., 1999).  Ovocleiden has a molecular weight of
approximately 17,000, and is produced by the shell gland mucosa.  Chicken eggshell
ovocleiden features 142 amino acid residues including three cysteine-based disulfide
bridges and two phosphoserine residues (Mann & Siedler, 1999), and is present in
mammillary knobs and throughout the squamatic zone (Hincke et al., 1999).  Mann &
Siedler (1999) speculate that ovocleiden forms proteinaceous networks during eggshell
calcium carbonate precipitation based on amino acid sequence similarities between
ovocleiden and pancreatic proteins.  This accords with the hypothesis of Hincke et al.
(1999) who propose that ovocleiden acts as a protein scaffold, interacting with other
proteins to co-ordinate the three-dimensional precipitation of calcium carbonate.
1.2.3   Eggshell biogeochemistry research
Biogeochemistry, one field in the ‘new science of fossils’ (Corfield, 2001), is the
chemical analysis of biologically derived residues that are preserved over geological
time.  The discipline is based on the observation that a minute amount of indigenous
compounds from the Earth’s biota escape alteration (or accrue systematic alterations
that can be modelled) over geological time.  Although some of the first research into the
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biogeochemistry of ancient eggshells was undertaken in the 1970s (Folinsbee et al.,
1970, Erben et al., 1979), the majority of publications on this topic have been produced
over the past 20 years.  Interest in the biogeochemistry of avian eggshells was
stimulated by P.E. Hare of the Carnegie Institution of Washington and A.S. Brooks of
the George Washington University.  Shreeve (1995, pp. 245-246) provided this account
of their initial findings:
… [One] day in 1982, Alison Brooks happened to ask geochemist Ed Hare of the Carnegie Institution, …
if she could bring her graduate class in laboratory methods for a look around his laboratory.  Hare
suggested she bring a sample of something to test.  “I had some ostrich-egg shell in my lab, so we brought
them along,” she told me.  “We ran some tests, and much to everyone’s amazement, they showed that the
ostrich shell was virtually impervious to water.  Nothing was getting in, and nothing out.”
Buoyed by the excellent preservation of the organic matter indigenous to Struthio
eggshells and the resistance of the mineral matrix to diagenetic alteration, much of the
subsequent research has been undertaken by G.H. Miller at the University of Colorado,
Boulder, and his colleagues.  As examples, research into the biogeochemistry of avian
eggshells from Quaternary sequences has helped refine the chronology for the evolution
of anatomically and behaviourally modern Homo sapiens on the African continent
(Brooks et al., 1990, Miller et al., 1999a), and on the Australian continent the research
has provided a measure of monsoon activity over the last 65,000 years (Johnson et al.,
1999), and aided the development of a chronology for the extinction of Genyornis, a
member of the Australian megafauna (Miller et al., 1999b).
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1.3 SCOPE OF RESEARCH
1.3.1   Research focus
The research is focused on the eggshells of three birds: the cassowary (Casuarius spp.),
the megapodes (particularly Alectura lathami), and the extinct Malagasy ratite,
Aepyornis.  Of interest is the biogeochemistry of these eggshells, specifically the rate
and extent of isoleucine epimerisation and the stable isotope ratios of carbon, nitrogen
and oxygen.  These biogeochemical attributes are under investigation because they have
been successfully used as tools for the reconstruction of Quaternary environments.
These biogeochemical techniques as they relate to eggshells are described in detail in
Chapters 2 and 3.  Briefly, the extent of isoleucine epimerisation can be interpreted in
terms of sample age and the rate of the reaction potentially provides insights into past
temperatures.  Stable isotope ratios of eggshells primarily reflect natural isotope
abundances in the food and water consumed, thus the isotope ratios can serve as dietary
tracers.  Where the isotope ratios of dietary items vary in response to environmental
variables these analyses are effective at monitoring environmental change, as well.
There are two reasons for choosing to focus on Casuarius, megapode and Aepyornis
eggshells.  Each eggshell type is abundant in specific Late Quaternary deposits.
Additionally, there have been no major biogeochemical investigations on any of these
eggshells for palaeoenvironmental research, thus there is scope for research of a novel
nature.  Casuarius and megapode eggshells are abundant in several archaeological sites
in northern Australasia, and Aepyornis eggshells are abundant in geomorphological
deposits in southern Madagascar.  Comprehensive descriptions of the sites from which
eggshells were analysed are presented in Chapters 5, 6 and 7.
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1.3.2   Research aims
The research is structured around two primary aims:
Aim 1: To increase our understanding of the ancient habitats of Casuarius, megapodes
and Aepyornis in order to provide information on how these ecosystems
functioned, as well as the nature and timing of the environmental change they
have experienced.
The reconstruction of palaeoenvironments is heavily reliant on proxy information.  For
example, pollen records provide a wealth of information on past vegetation
communities, sediments deposited by rivers reflect changes in the amount of water they
have transported, and archaeological materials provide clues on how prehistoric
societies functioned.  Reconstructions of palaeoenvironments are strongest where the
environmental information provided by such proxies can be integrated in either
stratigraphic or geochronological dimensions.  Such associations permit this proxy
information to be confidently compared, and present the opportunity to more rigorously
address the limitations and strengths of individual reconstructions.  In this respect,
eggshells are excellent sample types because a variety of palaeontological and
biogeochemical information can be extracted from them.  For example, the context in
which an eggshell is recovered from a geological archive may provide information on
the palaeobiogeography of avian populations, or perhaps the economy of prehistoric
societies.  The stable isotope ratios of eggshells can be exploited as natural tracers to
elucidate environmental and ecological processes, and the diagenesis of amino acids in
eggshells has the potential to yield information on changes in temperature regimes.
These types of information can be placed in a temporal context because eggshells are
amenable to a variety of geochronological techniques (e.g. radiocarbon, amino acid
racemisation and uranium-series dating).
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Acknowledging the possibility of integrating a variety of sources of
palaeoenvironmental information through the biogeochemical analysis of eggshells, an
aim of this research is to provide information on the ancient habitats of Casuarius,
megapodes and Aepyornis.  The Casuarius and megapode eggshells analysed were
obtained from archaeological contexts and it is important to establish the usefulness of
the extent of isoleucine epimerisation to serve as a proxy for age in the stratified
deposits from which they were recovered, and to examine the ability of isotope ratios to
elucidate the changing environments in which people lived.  Additionally, there is
potential for the extent of isoleucine epimerisation in Casuarius eggshells to provide a
record of temperature change in their low-latitude habitat.  Research on the amino acid
and stable isotope ratios of Aepyornis eggshells has the potential to provide information
on not only the little-known Quaternary environments of Madagascar but also on the
ecology of the bird.  In constrast to Casuarius and the megapodes, Aepyornis is extinct:
biogeochemical analyses and more traditional palaeontological research are the only
means of gaining direct insight into the interaction of the bird with its habitat.
Aim 2: To document the amino acid and stable isotope biogeochemistry of avian
eggshells in novel contexts in order to better understand the processes that
influence these attributes.
A problem inherent in the natural sciences is the difficulty associated with determining
the response of a dependent variable (e.g. eggshell biogeochemistry) to a forcing
mechanism (e.g. climate change) given the inability to control all possible interfering
factors (e.g. anthropogenic habitat alteration).  Further confounding the geological
sciences is the difficulty of simulating processes that take place over geological
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timescales under controlled conditions.  One way in which this lack of control can be
circumvented is by examining the results of ‘natural experiments’.  In a similar sense to
the biogeographical conceptualisation of islands as natural experiments, where a
biogeochemical attribute (such as nitrogen isotope ratios) varies along an environmental
gradient (e.g. a precipitation gradient) it might be reasonable to conclude that these
elements are cause and effect.
The traits documented in this research are expected to provide valuable information on
studies of eggshell biogeochemistry because research on Casuarius, megapode and
Aepyornis eggshells will broaden the scope of investigations into the biogeochemistry
of avian eggshells in taxonomic and geographical dimensions.  The range of geographic
settings is of great importance with respect to the study of isotope ratios because these
values commonly shift in response to changes in habitat and climate.  The geographical
settings of this research include the semi-arid coastline of southern Madagascar, the
seasonally wet open forests of northeastern Australia, and the lowland rainforests of
near-equatorial northern Australasia.  As these sites differ from one another in terms of
habitat and climate, the research has the potential to enhance our understanding of the
ways in which environmental gradients govern eggshell biogeochemistry.  In addition,
the different types of eggshells studied here enable the taxonomic dependency of the
amino acid and isotope ratio biogeochemistry of eggshells to be assessed.  This permits
questions relating to inter-species differences in isoleucine epimerisation and the
isotopic fractionation that takes place when an element is incorporated into an eggshell
to be examined.  Research on the biogeochemistry of Casuarius and Aepyornis
eggshells presents the opportunity to consolidate prior research conducted on the
eggshells of other large flightless birds, and although the extent of isoleucine
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epimerisation in water bird eggshells has been reported (Magee & Miller, 1998), the
focus on megapode eggshells represents the first attempt to rigorously examine the
biogeochemistry of an eggshell type other than those of large flightless birds.
1.3.3   Thesis structure
The methods used to extract biogeochemical information from Casuarius, megapode
and Aepyornis eggshells follow established procedures.  However, the research
represents significant geographical and taxonomic departures from previous work.
Accordingly, the research is structured around three studies that focus separately on the
three different eggshell types under investigation (Chapters 5, 6 and 7).  For each study
the factors specific to the interpretation of the biogeochemistry of each eggshell taxa are
identified.  High temperature experiments are conducted on each eggshell taxon in an
attempt to model the nature of amino acid diagenesis over geological timescales and at
lower temperatures.  In addition, the age of a subset of eggshells is determined using the
radiocarbon dating technique and this control is used to gauge the relationship between
amino acid diagenesis and time.  To develop a framework for the interpretation of
isotope ratios, consideration is given to the isotope ratios of key dietary inputs and
knowledge of the breeding and feeding ecology of the birds whose eggshells are being
studied.  A chapter describing the methods used to extract biogeochemical information
from Casuarius, megapode and Aepyornis eggshells precedes the three individual
studies (Chapter 4).
The aim of the next two chapters (Chapters 2 and 3) is to introduce the fields of amino
acid and stable isotope biogeochemical research with appropriate reference to the
analysis of avian eggshells.  These reviews illustrate the concepts behind the application
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of the techniques, highlighting their strengths and weaknesses.  In Chapter 2 a
description of the amino acid racemisation geochronological technique is presented that
includes explanations of the molecular units, amino acids, and the chemical reaction,
racemisation, that form the basis of the technique.  This chapter includes a critical
review of the application of amino acid racemisation to geochronological and
palaeotemperature research with respect to avian eggshells, with particular focus on
evidence for the retention of amino acids.
In Chapter 3 the concepts behind the use of the stable isotope ratios of faunal remains
for palaeoenvironmental reconstructions are presented.  The chapter focuses on the
stable isotopes of oxygen, carbon and nitrogen for these are commonly analysed in the
field of biogeochemistry and are the stable isotopes of interest in the present research.
Examples using ratite and dinosaur eggshells are presented to illustrate the extraction of
palaeoenvironmental information from the stable isotope ratios of eggshells.  Particular
attention is given to the evidence used to verify that original isotope ratios are retained
during diagenesis.
In the final chapter of the thesis (Chapter 8) the findings of the individual studies are
synthesised.  Rather than reiterate the palaeoenvironmental information extracted from
the biogeochemistry of Casuarius, megapode and Aepyornis eggshells (which is
explained in detail in Chapters 5, 6 and 7) attention is drawn to the type of information
extrapolated from the extent of isoleucine epimerisation and stable isotope ratios, the
strengths and weaknesses of these extrapolations, and their likely implications for future
research.  Finally, trends in the amino acid and isotope ratio biogeochemistry of
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Casuarius, megapode and Aepyornis eggshells of generic relevance to research into
avian eggshell biogeochemistry are identified.
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Chapter 2 
Application of the Amino Acid Racemisation Reaction
in Quaternary Science
2.1 INTRODUCTION
Racemisation is one of many chemical reactions that amino acids undergo during
diagenesis.  The reaction slowly interconverts L-amino acids of fossil protein residues
to D-amino acids.  Because the temperature dependency of racemisation rates may be
modelled, the reaction has versatile applications in the study of Quaternary
environments.  With an understanding of the thermal history of a specimen, the extent
of the reaction may be interpreted in terms of time to determine the age of an amino
acid-bearing fossil.  Alternatively, the integral of the temperatures to which a fossil has
been exposed can be determined with independent numeric age control.  A variety of
variables influence the rate and extent of amino acid racemisation in natural systems,
dominantly temperature but also sample type, stratigraphic context and amino acid, and
are important in both geochronological and palaeothermometry applications.
This chapter reviews the application of the amino acid racemisation reaction in the
Quaternary sciences with particular emphasis on the factors that influence the apparent
rate and extent of the reaction.  Early reviews are provided by Schroeder & Bada (1976)
and Williams & Smith (1977).  More recent reviews include Miller & Brigham-Grette
(1989), Kaufman & Miller (1992), Murray-Wallace (1993) and Wehmiller & Miller
(2000).  These reviews illustrate the strengths and weaknesses of the application, stress
the importance of appropriate field and subsampling protocols, and tend to emphasise
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the extraction of chronological information from the extent of amino acid racemisation,
rather than information on palaeotemperatures.  Two volumes edited by Hare et al.
(1980) and Goodfriend et al. (2000) are collations dedicated to the chemistry of amino
acids in geological environments.
The first section of this chapter begins by outlining the origin of the application of
amino acid racemisation to Quaternary studies, the stereochemistry of biologically
active amino acids and the preservation of these molecules over geological time.  The
factors that control the rate and extent of amino acid racemisation are then reviewed.
These factors include the amino acid R-group, temperature, the position of amino acids
in polypeptide chains, and the preservation state of protein residues.  Finally, the
methods used to determine the age and the temperature to which protein-bearing fossils
have been exposed are explained.
In the latter sections of this chapter the knowledge of amino acid racemisation in avian
eggshells is reviewed critically.  The factors that differentiate the study of amino acid
racemisation in eggshells from other sample types in which the reaction is commonly
investigated are identified and evidence for the ability of eggshells to preserve their
indigenous amino acids is examined.  The methods used to estimate numeric ages and
palaeotemperatures from the extent of isoleucine epimerisation in avian eggshells is
then reviewed.
2.2 AMINO ACIDS IN THE GEOLOGICAL RECORD
A protein is a polypeptide chain, or interacting polypeptide chains, each consisting of a
precise sequence of amino acids.  Each amino acid consists of an a-carbon atom with an
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amino (NH3
+) and carboxyl (COO-) group attached, along with a hydrogen atom and a
characteristic side chain, termed the R-group.  There are twenty common protein amino
acids, each distinguished by its R-group.  These amino acids and their respective
abbreviations are listed in Table 2.1 (the three letter abbreviations are used herein).  The
four different groups attached to the a-carbon of an amino acid can be arranged to form
one of two stereochemical, or mirror image forms.  With few exceptions, life is
stereoselective with the majority of biologically produced amino acids being left-
handed, that is, they rotate polarised light to the left.  Amino acids produced in vitro are
racemic, consisting of equal concentrations of the right (dextro, or D-amino acids) and
left-handed (laevo, or L-amino acids) stereoisomers (Miller, 1955).  Similarly,



















Aliphatic Alanine Ala A C3H6NO2 88.09
Glycine Gly G C2H4NO2 74.07
Isoleucine Ile I C6H12NO2 130.17
Leucine Leu L C6H12NO2 130.17
Valine Val V C5H10NO2 116.15
Aromatic Phenylalanine Phe F C9H10NO2 164.19
Tryptophan Trp W C11H11N2O2 203.23
Tyrosine Tyr Y C9H10NO3 180.19
Basic Arginine Arg R C6H13N4O2 173.20
Histidine His H C6H8N3O2 154.16
Lysine Lys K C6H13N2O2 145.19
Hydroxyl Serine Ser S C3H6NO3 104.09
Threonine Thr T C4H8NO3 118.12
Sulphurous Cysteine Cys C C3H6NO2S 120.16
Methionine Met M C5H10NO2S 148.21
aUpon hydrolysis, asparagine (Asn) and glutamine (Gln) residues are converted to Asp and Glu.  The
abbreviations shown in brackets are used to signify combined Asp plus Asn, and Glu plus Gln residues,
respectively.  The formulae and molecular weights shown in brackets refer to Asn and Gln.
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extraterrestrial amino acids detected in meteorites are predicted to be racemic therefore
a prevalence of left-handed amino acids is a means of identifying terrestrial
contamination (Cronin & Pizzarello, 2000).
As well as influencing protein function, the characteristic R-group of each amino acid is
an important determinant of protein structure because the R-group determines the
rotational flexibility between two adjoining amino acids in a polypeptide (Mandelkern,
1983).  When sequences of amino acids are repeated, polypeptides assume ordered
three-dimensional structures such as the a-helix and b-sheet.  By necessity, all the
amino acids in an a-helix must be left-handed.  The inclusion of D-amino acids disrupts
the rotation of the polypeptide and the spacing of amino acid residues, inhibiting correct
folding of the protein.  The results of Kim et al. (1997) indicate that the absence of an
enzyme known to initiate the conversion of D-Asp to its left-handed form in vivo,
thereby stereochemically ‘repairing’ the amino acid, retards growth and produces fatal
seizures in laboratory mice, dramatically illustrating the necessity of L-amino acids for
normal protein function.
Despite the predominance of L-amino acids of biological origin, varying concentrations
of D-amino acids have been found in a large number of organisms.  For example, D-
amino acids are synthesised by many gram-positive bacteria for inclusion in cell wall
proteins (Friedman, 1999).  Extreme examples cited by Nagata (1999) include the
marine macroalgae Hizikia fusiformis which contains more D-Asp than L-Asp, and D-
Ala is ten times more abundant than L-Ala in the foot tissues of clams.  In humans, D-
Asx and D-Ser residues accumulate in metabolically inactive tissues including eye
lenses (Masters et al., 1977), enamel (Helfman & Bada, 1975) and dentine (Helfman &
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Bada, 1976).  The accumulation of D-Asx in human teeth may be used to determine age
at death due to the rapid and predictable racemisation of Asx in teeth over the course of
a human lifetime.  Majer et al. (1999) have implicated the racemisation of Asp and Ser
residues of long-lived proteins in the formation of amyloid plaques, aggregations of
‘misfolded’ proteins that result from diseases such as Alzheimer’s.
The study of amino acids in fossils originated from research on the preservation of
organic compounds in geological environments.  Philip Abelson of the Carnegie
Institution of Washington conducted the first survey of amino acids in fossils in 1953.
Abelson (1954) reported that the amino acids most stable at high temperatures in the
laboratory were also present in fossils, the oldest of which was a 360 million year old
Devonian fish.  Using cation-exchange columns, Hare & Abelson (1967) were able to
separate L-isoleucine from its epimer D-alloisoleucine because these two molecules
differ in their hydrophobicity.  Analysing fossil molluscs, these authors observed a
correlation between the ratio of these epimers and time.  Further research by Hare &
Mitterer (1968) demonstrated that changes in the amino acid composition of mollusc
shells over geological time could be induced in the laboratory by heating at high
temperatures, implying that the diagenesis of amino acids took place in a regular
manner, without intolerable overprints produced by processes such as contamination or
amino acid loss.  Supported by this observation, these authors were the first to estimate
an age for a fossil based upon the stereochemistry of amino acids.
Amino acids are preserved in the geological record if they fail to enter the biotic
nitrogen cycle.  The nitrogen of polypeptides represents the major pool of organic
nitrogen readily utilised in the biosphere (Bada, 1998).  Pools of proteins that are
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isolated from the biosphere and undergo limited biodegradation are of great interest to
biogeochemists.  A common environment for the preservation of amino acids is the
carbonate skeleton of aquatic invertebrates such as molluscs and foraminifera.  The
amino acids that once comprised the proteins that precipitated the carbonate and gave it
strength are isolated from biotic decomposition for thousands of years.  Under
exceptional circumstances amino acids may fail to be incorporated into the nitrogen
cycle for millions of years.  Amino acids, along with fragments of DNA, have been
detected in dinosaur bones and amber-entombed insects (Bada et al., 1994).  Because
the activation energy of aspartic acid racemisation is similar to that of DNA
depurination, Asx D/L ratios provide a criterion for assessing DNA preservation (Bada
et al., 1994, Poinar et al., 1996).
For amino acids, ‘diagenesis’ refers to the sum of the processes influencing these
molecules during their residence in geological environments following the death of the
host organism (e.g. bone collagen) or its disuse of the molecules (e.g. avian eggshell
proteins), ultimately degrading complex proteins into simple hydrocarbons.  The
organic residues present in fossils are not proteins in a biochemical sense.  Proteins are
organic polymers with specific amino acid sequences and precisely defined three-
dimensional configurations.  The amino acids in fossils are subject to a variety of
degradative reactions including racemisation, decarboxylation, deamination and
condensation, and are located in polypeptides of various molecular weights distinct
from their precursor proteins.  It is due to these diagenetic reactions that antibodies
raised against modern protein complexes exhibit reduced immunological reactivity in
ancient residues (Muyzer et al., 1988).
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2.3 AMINO ACID RACEMISATION
2.3.1   Mechanism
Although reporting the extent of racemisation as %D [= D/(D + L)] or as a
concentration (D-amino acid/mg) is equally valid, the convention in the geological
sciences is to report D/L values or ratios.  Although, technically R and S should replace
D and L, respectively (Child et al., 1993), the use of the latter terms persists in the
geological literature.  Racemisation is the chemical reaction that interconverts a
stereoisomer of an asymmetric molecule, such as an amino acid, into its alternative
enantiomeric, or mirror image, form (Fig 2.1).  For amino acids that feature two chiral
carbon atoms, such as isoleucine and threonine, the reaction may take place at either a
or b carbon centres.  However, for isoleucine at least, epimerisation takes place almost
exclusively around the a-carbon under conditions found on earth (Bada et al., 1986).  In
these multiasymmetric amino acids the observed reaction is termed epimerisation.
Figure 2.1 Stylised depiction of amino acid enantiomers.  An L-enantiomer is shown on the left and D-
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The rate at which racemisation proceeds varies between amino acids according to the
ability of R-groups to stabilise the carbanion intermediate.  The reaction is rapid in
amino acids that feature an R-group highly effective at stabilising the carbanion
intermediate.  The carbanion intermediate is the molecule formed when the hydrogen
side chain is abstracted from an amino acid.  In an ideal system, upon re-addition of the
hydrogen atom to the carbanion intermediate there is an equal probability of L- and D-
amino acid formation, accordingly the forward and backward reaction rates are equal.
Under these conditions the D/L value progresses from values near to zero in modern
tissues until equilibrium is reached at unity.  Although an artefact of these conditions is
predicted to be slowing of the racemisation rate as the extent of racemisation increases,
the characteristic curvilinear trend produced when D/L ratios are plotted against time
always deviates from the results expected of an ideal system (Wehmiller & Miller,
2000).  Examples from high temperature experiments of the typical monotonic, convex
trend of D/L versus time are presented in Figure 2.2.  In some amino acids the forward
and backward reaction rates are not equal and accordingly D/L values do not approach
unity.  For example, the equilibrium ratio of D-alloisoleucine to L-isoleucine of
approximately 1.30 indicates the backward reaction (D-aIle formation) is 30 % more
likely than the forward reaction (L-Ile formation) (Williams & Smith, 1977).  To
emphasise this distinction between the extent of isoleucine epimerisation and amino
acid racemisation, the extent of the former reaction is traditionally referred to as an A/I
value or ratio.







































Trochoidea shell, 106.5 ºC
Mya shell, 110 °C Candona shell, 120 ºC
Dromaius eggshell, 143 ºC
Figure 2.2 The characteristic curvilinear trend in D/L values with respect to time.  Although more
complex patterns are known, these monotonic, convex curves illustrate the typical pattern.  From top-left
to bottom right, the data sets shown are from the high temperature experiments of Kaufman (2000),
Manley et al. (2000), Goodfriend & Meyer (1991), and Miller et al. (2000).  Amino acid, sample type and
isotherm are indicated.
2.3.2   Temperature
The Arrhenius equation is a mathematical description of the temperature sensitivity of
chemical reactions.  Reaction rate (k1) is described by two parameters, the Arrhenius
factor (A) and activation energy (Ea) (Schroeder & Bada, 1976):
ln (k1) = ln (A) – Ea/RT Eqn. 2.1
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where R is Boltzmann’s constant (= 1.9872*10-3) and T is temperature measured in
Kelvin.  The equation is named after Svante August Arrhenius, a Swedish physical
chemist and winner of the Nobel Prize for chemistry in 1903, who is credited with being
the first to assert that Equation 2.1 is applicable to all reactions (Logan, 1982).  The
Arrhenius parameters rarely have any physical significance.  Rather, the equation is an
empirical best fit to the observed change in reaction rates with respect to temperature
(Logan, 1982).  Determination of A and Ea have traditionally involved the extrapolation
from the rate of amino acid racemisation (k) observed at various temperatures between
200 ºC and temperatures characteristic of the natural environment.  The rate constant is
related to time (t, measured in years) by the integrated rate equation (Bada & Schroeder,
1972):
ln [(1 + D/L)/(1 – K’D/L)] = (1 + K’) k1 t Eqn. 2.2
where K’ = k1/k2.  For most amino acids the forward and reverse rate constants, k1 and
k2, are equal, therefore K’ = 1.  For the interconversion of L-Ile to D-aIle k1/k2 = 1.0/1.3
= 0.77.  An additional term is commonly introduced to account for laboratory-induced
racemisation:
ln [(1 + D/L)/(1 – K’D/L)] = (1 + K’) k1 t + c Eqn. 2.3
where c  = ln [(1 + D/Lt  = 0)/(1 – K’D/L t = 0)] and D/Lt  = 0 represents the extent of
racemisation measured in a modern specimen (e.g. live at time of collection).
Isoleucine epimerisation Arrhenius parameters extracted from the literature reveal that
values for A and Ea are conservative (Table 2.2).  Using a representative Ea of 29 kcal
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mol-1, a 5 °C increase in temperature will increase k1 observed at 20°C by 130 %, and a
5 °C drop will decrease k1 by about 60 %.  From this example it is apparent that warm
temperatures have a disproportionately larger effect on the rate of racemisation than
cooler temperatures.  It is for this reason that an important distinction is made between
Table 2.2 Arrhenius parameters reported for isoleucine epimerisation in the total acid hydrolysate of
proteinaceous fossils.





 mollusc shell Mya truncata 29.0 Goodfriend et al. (1996)
Mya truncata 17.1 28.8 Miller et al. (1983)
Hiatella arctica 29.5 Goodfriend et al. (1996)
Hiatella arctica 29.3 Mitterer (1975)
Hiatella arctica 29.0 Miller & Hare (1980)
Arctica islandica
(inner layer)
16.8 28.7 Haugen & Sejrup (1992)
Arctica islandica
(outer layer)
16.8 28.3 Haugen & Sejrup (1992)
Lymnaea 38.8 28.6 McCoy (1987)
Catinella 38.9 28.6 Oches et al. (1996)
Hendersonia 39.6 29.2 Oches et al. (1996)
Eggshell Struthio camelus 40.4 30.0 Ernst (1989), Brooks et al. (1990)
Struthio camelus 36.0 31.2 Ernst (1987)
Struthio camelus 40.2 30.1 Miller et al. (1992)
Struthio camelus 40.8 30.3 Miller et al. (1991)
Dromaius
novaehollandiae
39.3 29.1 Miller et al. (1997)
Dromaius
novaehollandiae
39.5 29.2 Miller et al. (2000)





15.6 26.6 Goodfriend & Meyer (1991)
Trochoidea
seetzeni (fossil)
15.8 26.7 Goodfriend & Meyer (1991)
Bone Sub-modern bone 19.4 33.4 Bada (1972)
Foraminifera Cibicides
lobatulus
17.1 28.1 Miller et al. (1983)
Foraminifera ooze 36.3 27.1 Bada & Schroeder (1972)
Cibicides
wuellerstorfi
38.2 27.8 Sejrup & Haugen (1992)
Neogloboquadrina
pachyderma
38.3 28.0 Sejrup & Haugen (1992)
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the temperature over which racemisation takes place and average temperature, such as
mean annual temperature.  For example, the highs in the sinusoidal variation in ambient
temperature observed at diurnal and seasonal time scales have a disproportionately large
influence on the rate of racemisation such that the average temperature is less than the
effective diagenetic temperature (EDT) (Miller & Brigham-Grette, 1989).  The EDT is
the integral of all temperatures experienced over the course of the reaction.
2.3.3   Position in polypeptide
The negative correlation between the molecular weight of polypeptides and the extent of
racemisation amongst their amino acids (Kaufman & Miller, 1995, Kaufman & Sejrup,
1995) is a product of the relationship between the racemisation rate of an amino acid
and its location within the polypeptide.  This phenomenon is illustrated in Figure 2.3
where the extent of isoleucine epimerisation observed by Kaufman & Miller in various
molecular fractions of three Genyornis eggshells is presented.  The highest molecular
weight fraction consistently features the lowest A/I values and the low molecular weight
and free amino acid fractions feature the highest values.  Laboratory experiments
(Kriausakul & Mitterer, 1978, Gaines & Bada, 1988) indicate that amino acids located
at interior positions within peptide chains feature slow rates of racemisation, whereas
amino acids located at terminal positions and incorporated in diketopiperazines
racemise most rapidly.  The D/L ratio of free amino acids is commonly high but the
reaction rate is slow when the molecules exist in this state.  This potential incongruity is
explained by the preferential release of amino acids from terminal positions into the free
pool.  Relatively intact polypeptides feature a higher ratio of interior to terminal amino
acids than smaller polypeptides, consequently high molecular weight separations feature
a lower extent of racemisation.










HMW MMW LMW FREE TOTAL
Fraction




Figure 2.3 Data of Kaufman & Miller (1995) on variations in the extent of isoleucine epimerisation
according to the molecular weight of polypeptides in three Genyornis eggshells.  The HMW, MMW and
LMW fractions are enriched in molecules approximately > 15,000, 15,000-2000 and 2000-200 Daltons,
respectively.  The FREE fraction consists of naturally-hydrolysed amino acids. Also shown is the extent
of isoleucine epimerisation in the total acid hydrolysate (TOTAL).
The differences in racemisation rates according to position within the polypeptide
present the geochronologist with two pools of amino acids that are readily separated.
Normally, all peptide bonds are hydrolysed for amino acid analysis by heating the
acidic residue at high temperatures (e.g. 150 ºC for 15 min., Blackwell et al., 1990, 6 or
22 hrs at 110 ºC, Kaufman & Manley, 1998).  However, elimination of this step results
in a solution dominated by naturally-hydrolysed amino acids.  Due to the apparently
rapid rate of racemisation in this pool of free amino acids the D/L values in this
unhydrolysed solution can provide a more effective means of separating intervals of
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time than is attainable with D/L values observed for the acid hydrolysate (e.g. Nelson,
1982).
2.3.4   Tertiary structure
The three-dimensional configuration of a protein also influences the rate of
racemisation.  However, in terms of diagenesis, only Asx racemisation in the three-
dimensional structure of collagen has been considered in detail (van Duin & Collins,
1998).  Collagen is a Gly, Ala and Pro-rich protein that plays an important role as a
connective fibre in tissues such as skin and bones.  It is the most abundant protein in
fresh bone (Hare, 1980) and is therefore important when studying the racemisation of
amino acids in ancient skeletal remains.  However, collagen is not resistant to diagenetic
alteration.  Its triple helical structure is rapidly denatured and removed by groundwater
from the vesicular structure of bones.  When the three-dimensional structure is
degraded, the decomposition of Asn into rapidly epimerising succinimide residues is
enhanced.  The succinimide residues convert into molecules of Asp (and isoaspartyl),
increasing the apparent rate of Asx racemisation (van Duin & Collins, 1998).
Consequently, Asx D/L ratios in bones vary according to the preservation state of
collagen as well as time and temperature, making their interpretation highly
problematic.  The most striking example of this problem was the use of Asx D/L ratios
to determine numeric ages of North American palaeoindian skeletal remains (Bada et
al., 1974, Bada & Helfman, 1975, Bada et al., 1979).  The extent of racemisation was
used to derive Late Pleistocene ages for the presence of people in North America,
necessitating a revision of American prehistory.  However, the bones were later
demonstrated to be Holocene in age with AMS radiocarbon analyses (Taylor, 1983,
Bada et al., 1984, Stafford et al., 1984, Bada, 1985, Ennis et al., 1986).  The erroneous
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racemisation-based age estimates were due in part to inaccurate calibration of the
reaction rate in the field, but were chiefly due to the failure to account for the influence
of preservation state on amino acid racemisation.
2.3.5   Primary structure
Amino acid sequences are genetically determined.  Consequently, the same protein in
different species may feature minor but significant differences in their primary sequence
due to the evolution of mutations in the base pairs encoding the polymer (Doolittle,
1985).  The amino acid sequence affects racemisation because neighbouring residues
influence diagenetic reactions that in turn influence the rate of hydrogen abstraction.  In
vitro experiments using small polypeptides provide one source of evidence for
neighbouring residue effects.  For example, Smith et al. (1986) observed that Ala
racemised faster when located in the dipeptide Gly-Ala than Ala-Gly.  Hydrolysis
experiments provide evidence that peptide bonds at Asp residues are readily cleaved,
preferentially placing Asp and neighbouring residues at fast-racemising terminal
positions (Partridge & Davis, 1950, Inglis, 1983, Kaufman & Manley, 1998).
2.3.6   Taxonomic effects
Differences in racemisation rates according to taxonomy have been noted amongst
molluscs (LaJoie et al., 1980), foraminifera (King & Hare, 1972) and avian eggshells
(Magee & Miller, 1998, Miller et al., 1999b).  Amongst molluscs there are significant
differences between genera but broadly comparable reaction rates amongst species of
the same genus.  The reason for the taxonomic-dependency is not precisely known but
because they are accompanied by differences in amino acid composition, likely
explanations are either differences in the amino acid composition of the precursor
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proteins or in the relative abundance of the numerous proteins involved in the secretion
of these carbonate structures.  For example, Goodfriend et al. (1992) observed high
concentrations and very rapid racemisation of Asx residues in the coral Porites
australiensis.  Because peptide bonds at Asx sites are prone to hydrolysis the authors
interpreted these observations as cause and effect.  Where multiple species are
recovered in association inter-generic differences in racemisation rates provide an
internal check on the reliability of D/L values (Wehmiller, 1984b).  Similarly, because
amino acids feature characteristic rates of racemisation, a comparison of the D/L values
of different amino acids within a sample provides an additional means of assessing the
veracity of data.
2.3.7   Chemical degradation
The formation of a peptide bond results in the release of a water molecule and, as the
reaction is reversible, the presence of water may result in cleavage of the bond.
Progressive hydrolysis results in the formation of increasingly small polypeptides,
ultimately producing a pool of free amino acids.  Deamination and decarboxylation
result in the loss of the amino and carboxyl groups attached to the chiral carbon
molecule.  Condensation reactions between carbohydrates and protein residues result in
the formation of characteristically brown, partly insoluble melanoidins (Collins et al.,
1992).  This formation has been demonstrated to retard racemisation rates (Rafalksa et
al., 1991).  In ‘open’ systems, the degradation of polypeptides may be enzymatically
catalysed by the activities of microorganisms (Child et al., 1993).
The interpretation of amino acid D/L ratios and concentrations are complicated by the
chemical decomposition of complex amino acids into more simple ones (Table 2.3).
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For example, as well as racemising rapidly, Ser residues are relatively unstable.  The
decomposition of Ser, along with Thr and Met, may produce the lower molecular
weight amino acids Ala and Gly.  Due to complications arising from decompositional
genesis, the D/L value and concentration of these low molecular weight amino acids,
along with Pro residues as they can be formed from Arg, should be interpreted
cautiously (Table 2.3).
Table 2.3 Products formed by the decomposition of amino acids (Vallentyne, 1964, Bada et al.,
1978).
R-group Amino acid Product
Acidic Aspartic acid b-alanine

















2.3.8   Leaching
The physical transport of amino acids out of mineral matrices by an aqueous phase,
commonly water, is termed ‘leaching’ (Mitterer, 1993).  The rate of diffusion (leaching)
is controlled by the size of the mobile molecules and their sorption to the fossil matrix,
the diameter and complexity of the diffusion pathway, and temperature (Collins &
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Riley, 2000).  Molecules that are least susceptible to leaching are those enveloped by
the crystals of the biomineral.  Amino acids in these positions are termed
‘intracrystalline’, and those located within the fossil but not completely isolated from
the external environment are termed ‘intercrystalline’ (Sykes et al., 1995).
Intracrystalline amino acids are preferred for analysis because in this environment the
residues exist in a closed system free from the complicating influence of extrinsic
factors such as microbial decomposition.  Molecules most susceptible to leaching are
the low molecular weight solutes (i.e. free amino acids, dipeptides, diketopiperazines)
of poorly preserved biominerals in which the loss of amino acids is well underway,
located in a depositional environment periodically subjected to inundation.  Because
small peptides feature a characteristically high extent of racemisation, leaching tends to
decrease the extent of racemisation determined for the total acid hydrolysate.
2.3.9   Contamination
Contamination is the introduction of non-indigenous amino acids to the fossil matrix.
Contaminants are commonly L-enantiomers, however, bacterial cell walls represent a
potential source of contaminant D-amino acids (Friedman, 1999).  Relatively high
concentrations of the thermally unstable amino acids Ser and Thr or abnormal D/L
ratios may identify contamination.  Laboratory preparatory techniques aim to isolate
indigenous amino acids residues and eliminate potential contaminants.  The most
common method involves mechanical abrasion to remove external surfaces followed by
acid dissolution.  More intensive techniques for the isolation or verification of
indigenous polypeptides include molecular weight ‘seiving’ (Kaufman & Sejrup, 1995),
isotopic analysis of enantiomer pairs (Engel et al., 1994), extraction of intracrystalline
amino acids (Sykes et al., 1995), and confirmation that the relative pattern of carbon
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isotope ratios amongst individual amino acids in modern specimens are replicated in the
fossil record (Johnson, 1995, Johnson et al., 1998).
2.4 GEOCHRONOLOGICAL APPLICATIONS
Amino acid racemisation has potential application in the Quaternary sciences wherever
amino acid residues are preserved over geological time.  Marine shells (e.g. Wehmiller
et al., 1988, Wehmiller et al., 1995), land snail shells (e.g. Goodfriend, 1987, 1991) and
eggshells (e.g. Magee & Miller, 1998, Miller et al., 1999b) are commonly used because
they are abundant and preserve amino acids well over geologically significant
timescales.  Other materials that have been analysed include fish otoliths (Rosewater,
1995), wood-rat middens (Petit, 1974), wood (Rutter & Vlahos, 1988), bones and teeth
(Blackwell et al., 1990), as well as corals (Goodfriend et al., 1992, Nyberg et al., 2001),
foraminifera (Murray-Wallace & Belperio, 1994), ostracodes (Kaufman, 2000), and
charophyte gyrogonites (DeVogel, 2003).  Applications are most confident when it can
be demonstrated that amino acids exist in a closed system during diagenesis.  It is also
important that the amino acids are derived from the same biological source.
Interestingly, studies of the reaction in biogenic carbonate breccia (e.g. ‘whole rock’
aeolinites) (Hearty, 1998, Hearty et al., 1999, Murray-Wallace et al., 2001, Brooke et
al., 2003), speleothems (Lauritzen et al., 1994) and paleosols (Kimber et al., 1994) have
proven successful.  The latter sample type has proven successful because amino acids
bind to silica minerals such that they are unavailable to biodegradative processes.  In a
novel extension of these observations Kimber & Griffin (2000) demonstrated that the
ratio of biologically useful L-amino acid enantiomers to D-enantiomers in agricultural
soils is a possible means of assessing pasture health.  Whole-rock amino acid analyses
have proven reliable because the results integrate the D/L values of amino acids from
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fragments of different taxa that racemise at broadly comparable rates.  Further work is
necessary to demonstrate the reliability of speleothem analyses such as determination of
the source of the calcite-entrapped amino acids.
The period that D/L values are effective at resolving time is determined by the rate of
racemisation.  Two examples from tropical settings are presented in Figure 2.4.  It is
seen that the rapid racemisation of Asx residues provide excellent age resolution
amongst young samples, whereas the slower epimerisation of isoleucine is effective at
distinguishing events that are thousands of years apart.  The use of a suite of amino acid



























Figure 2.4 Examples illustrating the range of timescales over which D/L values are capable of
providing age resolution.  The D/L values of Asx residues in submodern Porites australiensis coral
observed by Goodfriend et al. (1992) are presented in (a).  The A/I values reported by Hearty & Aharon
(1988) for Tridacna shells from the Huon Peninsula sequence are presented in (b).  Note the timescales
differ by over two orders of magnitude.  Curves fit to the data are in the format y = mxn + b and are
provided to accentuate the trends.
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The numeric age of a fossil can be determined using the integrated rate equation (Eqn
2.3) if k1 is known, providing the reaction obeys reversible first-order kinetics over the
range of D/L ratios of interest.  An appropriate value for k1 can be determined from
heating experiments if the thermal history of the specimen is accurately known.
However, for many deposits the thermal history is poorly constrained, rendering this
approach inappropriate.  Bada & Protsch (1973) presented an alternative approach in
which an appropriate in situ value for k1 is determined from the D/L ratio of a specimen
of known age.  The known age is used to solve Equation 2.3 for k1 then this ‘calibrated’
rate constant is used to determine the numeric age of analogous specimens from their
D/L value, assuming they have experienced a comparable thermal history and both D/L
values are within the same kinetic phase of the reaction (usually the initial phase of
rapid racemisation).
One of the earliest attempts to use the integrated rate equation to estimate the age of
fossils was reported by Bada et al. (1970).  These authors used a simplified form of
Eqn. 2.3 to estimate the accumulation rate of carbonate-rich deep-sea sediments.
However, it was soon noted (Wehmiller & Hare 1971) that the reaction conformed to
reversible first-order kinetics in foraminifera up to an A/I value of about 0.25, after
which the reaction rate decreases abruptly.  Wehmiller & Hare observed that the extent
of isoleucine epimerisation in naturally-hydrolysed amino acids initially increased at a
greater rate than the reaction in the total hydrolysate, indicating that the reaction system
differed between bound and free amino acids, and was likely to deviate from reversible
first-order kinetics during diagenesis in response to changes in the relative size of these
pools.  Failure to observe the D/L values of numerically dated fossils conforming to
reversible first-order kinetics due to slowing of the reaction rate has led researchers to
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use various functions to transform D/L values so that they are linear with respect to
time.  Kaufman (2000) and Manley et al. (2000) raised a modified version of the
integrated rate equation to the power n  to model Asx D/L values.  Mitterer &
Kriausakul (1989) and others have noted that the transformation (D/L)2 improves the
linear correlation between D/L and time and also increases the range of D/L ratios that
can be converted into numeric ages (Goodfriend et al., 1992, Murray-Wallace &
Kimber, 1993).  Similarly, Goodfriend et al. (1995) observed that a cubic
transformation of serial D/L Asx values in shells of long-lived clams approximated a
linear relationship to time.
Due to the sensitivity of amino acid racemisation to environmental parameters, the
strength of the technique as a chronometer is in relative age assessments, rather than
numeric ages (Mitterer & Kriausakul, 1989, Kaufman & Miller, 1992, Wehmiller,
1993).  The technique is highly suited to refining the chronology of episodic events such
as sea-level highstands (e.g. Hearty, 1998).  The highstands correspond with
interglacials or interstadials whose timing is precisely known from the astronomically-
tuned marine oxygen isotope chronology or independent methods of dating.  Within this
context, with verification from independent dating methods, D/L values can be used to
rapidly develop a chronological framework for stratigraphic successions.  The D/L
values of these discrete events may be used to define aminozones.  An aminozone is an
chemostratigraphic unit applied to a well-defined geological deposit based on clustering
in the extent of amino acid racemisation in replicate fossils (Nelson, 1982).
Aminozones are the fundamental units of ‘aminostratigraphy’, the arrangement of
geological deposits into a relative sequence based on the D/L values of associated
fossils (Miller & Hare, 1980).
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Independent of numeric age control, D/L values can provide detailed insights into the
depositional history of a sequence, especially if it is rich in fossils.  For example,
several authors have used the distribution of D/L values in taphonomic studies to
identify mixed-age assemblages (Murray-Wallace & Belperio, 1994, Wehmiller et al.,
1995, Kowalewski et al., 1998).  Ellis et al. (1996) provide numerous examples of the
down-profile patterns in D/L values expected of stratigraphic events.  These authors
emphasise that the within-unit variability in D/L values is expected to be highest in sites
featuring low sedimentation rates.  This trend is the expected influence of shallow burial
on D/L values.  Near the Earth’s surface specimens are exposed to the sinusoidal daily
and seasonal variations in temperature.  Due to the exponential relationship between
reaction rate and temperature, this shallow burial promotes variable exposure to
temperatures higher than the mean annual temperature.  It is for this reason that samples
for amino acid analysis are preferably rapidly buried after deposition and remain more
than one metre from the surface during diagenesis (Miller & Brigham-Grette, 1989).
As a geochronological technique based on a chemical reaction, the racemisation of
amino acids has several advantages when compared to geochronometers based on the
decay of radioactive elements.  Alternative Quaternary geochronological techniques that
can directly determine the age of organic remains are based on the decay of
radiocarbon, electron spin resonance and uranium-series disequilibrium.  Of these
techniques the most commonly applied is radiocarbon dating but this has an effective
upper limit of approximately 50,000 years B.P (depending on the integrity of the
geological material and the background radiocarbon content of the detection system)
and is problematic over the last 500 years due to fluctuations in atmospheric levels of
14C.  If the rate of racemisation can be accurately modelled, D/L values can provide
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excellent chronological control beyond the ‘radiocarbon barrier’ (e.g. Miller et al.,
1999b) and the D/L of rapidly racemising amino acids (e.g. Asx and Ser) can be used to
resolve the age of very young specimens (e.g. Rosen & Goodfriend, 1993).  In some
instances, D/L values can be particularly useful because samples are unsuitable for
radiocarbon dating.  For example, the consumption of limestone by land snails may
yield anomalously old radiocarbon ages (Goodfriend & Stipp, 1983) but will not affect
D/L values.
Racemisation age estimates remain dependent on other geochronological techniques for
field calibration despite investigations by P.E. Hare formerly of the Carnegie Institution
of Washington and colleagues into ‘protein diagenesis dating’ (e.g. Kokis, 1988).  Hare
noted that different diagenetic reactions such as hydrolysis and racemisation have
different activation energies.  For a given specimen it should therefore be possible to
establish analytically the extent of two or more reactions and with knowledge of their
Arrhenius parameters determined experimentally, simultaneously determine both time
and temperature.  Although Miller et al. (1992) used this concept to identify Struthio
eggshells exposed to high temperatures it is yet to achieve widespread application.
2.5 PALAEOTEMPERATURE APPLICATIONS
Abelson (1954) demonstrated that the degradation of Ala is temperature dependent and
therefore may be described by Arrhenius parameters.  He concluded that the system
could be used as a ‘geological thermometer’.  Since these initial insights, the diagenetic
alteration of amino acids by racemisation, not decomposition, has received interest as a
palaeothermometer.  The temperature-sensitivity of the racemisation reaction has been
traditionally modelled by measuring the extent of racemisation in modern samples
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exposed to high temperature isotherms (e.g. Hare & Mitterer, 1968, Miller et al., 1983,
Sejrup & Haugen, 1992, Oches et al., 1996, Kaufman, 2003).  Because the reaction
exponentially increases with temperature, high isotherms (> 80 ºC) enable the
racemisation reaction to reach an extent over a period of days or weeks that takes
thousands of years to reach at environmental temperatures.  Heating samples at different
high temperatures enables the Arrhenius parameters that define the temperature
sensitivity of the reaction to be determined.
To determine the Arrhenius parameters, activation energy (Ea) and Arrhenius constant
(A), modern samples are heated for intervals at isotherms between 80 and 200 °C.
Because uncertainty associated with the calculation of Arrhenius parameters represents
the largest error in amino acid palaeothermometry (McCoy, 1987) it is beneficial to
obtain a calibration sample exposed to environmental temperatures.  The most
appropriate samples are those whose EDT is known or can be confidently assumed,
such as Late Holocene specimens from sites that have experienced a temperature regime
equivalent to that defined by meteorological records (an environmental isotherm).
Typically, this results in anchoring of the activation energy at a point over six orders of
magnitude removed from results of the high temperature isotherms.  The calculation of
Arrhenius parameters from reaction rates observed at high temperatures combined with
field calibration is illustrated in Figure 2.5 using the data of Haugen & Sejrup (1992) on
isoleucine epimerisation in the outer shell of Arctica islandica.  For each isotherm, the
natural logarithm of the rate constant (ln k1) for the initial range over which the reaction
obeys reversible first-order kinetics is plotted against the inverse of the isotherm
temperature (1/T), measured in Kelvins.  The natural logarithm of the y-intercept of this












From the linear regression it is observed that;
 
ln (k1) = 38.999 - 14393/T, and r = 0.99,
where ln (k1) = ln (A) - Ea/RT,




A = e38.999 = 8.651 * 1016 , and
Ea = 14393/R = 28.6 kcal/mol
Figure 2.5 Arrhenius plot for isoleucine epimerisation in the outer shell of Arctica islandica from the
high temperature experiments of Haugen & Sejrup (1992).  Results of the linear regression and the
calculations used to estimate the Arrhenius parameters are indicated.
line (y = m x + b) is equivalent to A , and the slope of the line is proportional to Ea
(m = R ¥ Ea).  Once A and Ea are determined, the D/L value and age of a proteinaceous
fossil can be used to calculate the EDT to which that sample has been exposed
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providing the D/L value is within the range the reaction is known to obey first-order
kinetics.  The D/L value and age are used to solve Equation 2.3 for k1.  This in situ rate
constant is then used with A and Ea to solve Equation 2.1 for T.
Because EDT is a technique-specific record of thermal history it is desirable to convert
such values into estimates that are more readily compared to palaeotemperature records
derived from other proxies.  One such conversion is the use of EDT to estimate the
difference in temperature between two different intervals of time, such as the LGM
relative to the Holocene.  This is achieved by determining the rate of racemisation
during each interval (e.g. 0-10 ka and 10-25 ka) and converting the reaction rate into an
estimate of EDT.  The difference in EDT between the two intervals is equivalent to the
degree of temperature depression in degrees Celsius.  Although the EDTs estimated for
the two intervals in this manner are potentially erroneous, uncertainty associated with
the difference in EDT between the two intervals is likely to be small (McCoy, 1987).
In this manner the use of D/L values for estimating palaeotemperatures is more
statistically reliable than its use as a numeric geochronometer (McCoy, 1987).  An
additional advantage is the integrated nature of racemisation-based palaeotemperature
estimates.  Unlike instantaneous climatic signals such as pollen or invertebrate
assemblages or stable isotope ratios, the extent of racemisation is the product of the
reaction rate ‘averaged’ over time.  At low sample densities the instantaneous records
are susceptible to bias resulting from short-term fluctuations.  Conversely, at typical
sampling densities the integrated nature of the amino acid temperature record makes the
technique unsuitable for identifying intermittent climatic excursions.
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The key assumption concerning the use of high temperatures to model diagenetic
reactions that take place at environmental temperatures is that all reactions that
influence the rate of racemisation respond uniformly to changes in temperature.  If for
example, the hydrolysis of peptide bonds, an important determinant of D/L values, does
not accelerate in response to high temperatures at a rate equivalent to that of the
racemisation reaction, then the experimental data will fail to simulate the reaction at
environmental temperatures.
2.6 AMINO ACID RACEMISATION IN AVIAN EGGSHELLS
As sample types for amino acid analysis, eggshells differ from other commonly studied
sample types in terms of amino acid concentration and ability to retain these molecules.
According to Miller et al. (Brooks et al., 1990, Miller et al., 1991, Miller et al., 2000)
amino acids are 50 times more abundant in avian eggshells than mollusc shells.  In
contrast to the intra-shell trends observed in mollusc shells, it appears that there are no
differences in amino acid composition or racemisation kinetics between separate
fragments of the same eggshell.  This accords with the lateral homogeneity of the
eggshell structure.  There are, however, intra-eggshell differences in amino acid
composition according to structural phase (Miller et al., 2000).  This accords with the
variation in the localisation of eggshell proteins between the mammillary and squamatic
zones (Hincke et al., 1999).
Like mollusc shells, taxonomic effects on the rate of racemisation have been observed
amongst avian eggshells.  Miller et al. (2000) noted that on average A/I values in
Dromaius eggshells were 1.16 times higher than in Genyornis eggshells recovered from
the same stratigraphic unit, an observation confirmed in laboratory heating experiments.
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Differences in the A/I values of Genyornis and non-ratite (presumably water bird)
eggshells were observed by Magee & Miller (1998) in Lake Eyre beach ridges.  Where
A/I < 1.0 the extent of isoleucine epimerisation was between 1.10 and 1.15 times greater
in non-ratite eggshells than Genyornis eggshells, and where A/I > 1.0 the values in
Genyornis eggshells were slightly higher.
The investigation of amino acid racemisation in avian eggshells has been almost
exclusively restricted to the extent of isoleucine epimerisation.  The one exception is a
survey of Struthio eggshell Asx D/L values reported by Goodfriend et al. (1991).  These
authors observed significant racemisation in submodern eggshells (up to c. 300 years
old) suggesting the reaction may be useful for resolving time on a decadal timescale, at
least amongst very young specimens.
2.7 EVIDENCE FOR RETENTION OF AMINO ACIDS IN EGGSHELLS
Eggshells have been promoted as a sample type for biogeochemical analyses because
they provide an excellent environment for the preservation of indigenous residues
(Brooks et al., 1990, Miller et al., 2000).  Here the lines of evidence used to support this
assertion with respect to amino acid racemisation are reviewed.
2.7.1   Retention of amino acids
As the abundance of amino acids in a fossil is a product of both their diffusion and
decomposition, the most thermally stable molecules are preferable for assessing closed
system behaviour.  From the Bos bone (Hare, 1980) and Struthio eggshell (Kokis, 1988)
presented in Figure 2.6, it is seen that after more than 60 hours of simulated diagenesis


























Figure 2.6 Loss of amino acids from modern Struthio eggshell and Bos bone under similar laboratory
conditions.  Bone data from Hare (1980) on bone chips (2 – 3 mm across) heated at 105 ºC with excess
water.  Eggshell data from Kokis (1988) on Struthio eggshell fragments heated at 106 ºC with excess
water.
at c. 105 ºC under conditions of excess water these biominerals retain about 20 % and
99 % of their indigenous amino acids, respectively.  Thus, it appears that eggshells
provide a more favourable environment for retaining amino acids.  Ernst (1987)
conducted a similar experiment designed to assess the retention of indigenous amino
acids in Struthio eggshells.  A subset of the results of this study for the thermally stable
amino acids Glx, Val, Ile + aIle and Leu are presented in Figure 2.7.  There is general
agreement between the control experiment and the ‘leached’ eggshells.  Over 14 days of
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Figure 2.7 Isoleucine epimerisation and amino acid concentrations in Struthio eggshells heated at
144 ºC.  The third-order polynomial fit to the hydrolysate and free amino acid A/I values of the control
experiment is repeated in the plot of A/I values in ‘leached’ eggshells.  Black and white symbols indicate
A/I values and amino acid concentrations in the control and ‘leached’ experiments, respectively.
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heating at 144 ºC declines in the abundance of these amino acids ranged from about 20
% (Glx) to 50 % (Leu).  To determine whether the declines were due to decomposition
or diffusion, the concentration of amino acids in the water in which the ‘leached’
eggshells were submersed was analysed.  After one day of heating the concentration of
amino acids in the water was about 10 nmol/ml and remained at this concentration over
the remainder of the experiment.  Although the presence of amino acids in the water
could be evidence of diffusion from the eggshell there are two factors that complicate
the relevance of the water results.  Firstly, the norleucine spike used to calculate amino
acid concentration in the water relates to the volume of water and not to the weight of
the eggshell.  Therefore, the significance of the observations in terms of amino acids
lost from the eggshell is unclear.  Secondly, prior to the experimental treatment, the
exterior 30 % of the eggshell was removed with acid.  This was necessary to avoid
contaminating the water with contaminants on the surface of the eggshell.  The
pretreatment is problematic when trying to model closed system behaviour because the
etch will increase the exposure of amino acids to the environment.  Hence, the water in
which the specimen was immersed is likely to contain an unrealistically high
concentration of amino acids.
Reporting of amino acid concentrations in fossil eggshells is not routine.  Miller et al.
(2000) reported Glx concentrations of 7.7 ± 1.4 nmol/mg in a set of more than 400
Quaternary Dromaius eggshells.  This concentration is similar to the abundance of Glx
in submodern Dromaius eggshell (c. 9 nmol/mg).  Bada et al. (1999) observed that the
abundance of amino acids in two Struthio eggshells with ages in excess of 20,000 years
were about 0.75 %, and this is close to the abundance they observed in modern eggshell
(1.2 %).
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Kaufman & Miller (1995) reported amino acid concentrations in several different
molecular weight fractions of Genyornis eggshells.  Amongst four eggshells with A/I
values of c. 0.3, 0.6, 0.9 and 1.0 Glx concentrations in the total acid hydrolysate ranged
from about 5.6 – 8.0 nmol/mg.  Concentrations of Val, Ile + aIle and Leu were typically
c. 3.0, 2.0 and 3.5 nmol/mg, respectively, exhibiting little variation with changing A/I.
In terms of relative amino acid composition, the abundance of all amino acids in the
Genyornis eggshells remained constant with the exception of a decline in Thr + Ser and,
to a lesser degree, Asx.
Johnson (1995) reported the amino acid concentration of Struthio eggshells to test the
yields obtained under different protocols for the isolation of the organic residue.
Changes in the concentrations of the more stable amino acids using the traditional
protocol are presented in Figure 2.8.  The amino acid concentrations in the Struthio
fossil eggshells are about 60 % of the values observed in modern eggshell (A/I = 0.02),
although one specimen with A/I = 0.4 featured a yield of about 70 % relative to the
modern specimen.  This atypical preservation is unlikely to be an artefact of laboratory
procedures because the specimen also exhibited an abundance of amino acids using the
experimental protocol.
2.7.2   Pattern of isoleucine epimerisation independent of environmental
conditions
The diagenetic environment potentially produces variations in the amino acid
composition, concentration and racemisation of a fossil through processes such as
leaching, contamination and microbial degradation.  The ability to successfully simulate
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Figure 2.8 Abundance of stable amino acids in Struthio eggshells.  The eggshells range in age from
modern (A/I = 0.025) to approximately 8,000 years BP (A/I > 0.5).  Data from Johnson (1995).
patterns of amino acid diagenesis at ambient temperatures in a laboratory setting
potentially provides evidence for the existence of amino acid residues that are isolated
from extrinsic processes.
Miller et al. (2000) cited two forms of evidence suggesting that laboratory-induced
diagenesis in Dromaius eggshells accurately portrayed these processes at ambient
temperatures.  Firstly, two fossil eggshells (A/I = 0.4 and 0.9) were heated at 143 ºC and
their A/I values were compared to those obtained on modern eggshell under the same
laboratory conditions.  If diagenesis at environmental temperatures proceeded in a
fashion distinct from that induced at high temperatures, the pattern of isoleucine
epimerisation at high temperatures would have differed between the modern and fossil
eggshells.  However, despite differences in the thermal history of the specimens (e.g.
AMINO ACID RACEMISATION      49
thousands of years at ambient temperature) the kinetic curves matched well, with the
cessation and rate of epimerisation of first-order kinetics at 143 ºC in the fossil
eggshells being indistinguishable from that observed in modern eggshell.  The second
form of evidence cited was the pattern of A/I values in the free and total acid
hydrolysate amino acid fractions.  Again, the pattern of isoleucine epimerisation
observed at high temperatures was in accordance with the pattern observed amongst
fossil Dromaius eggshells (n = 48), although there was a tendency for more scatter in
the A/I values of the latter dataset produced by slightly high A/I values in the
hydrolysate or low values in the free amino acid fraction.
Kokis (1988) sought to identify the importance of water in governing isoleucine
epimerisation in Struthio eggshells at high temperatures, thereby providing insight into
the sensitivity of A/I values to water in the depositional environment.  The A/I values in
both free and total acid hydrolysate amino acids in modern Struthio eggshell heated at
105, 146 and 157 ºC are presented in Figure 2.9.  Kokis devised a treatment in which
eggshells were immersed in water that was regularly changed and compared these A/I
values to those observed in eggshells exposed to water vapour only.  Despite the
contrasting treatments, the pattern of isoleucine epimerisation matched well.  The only
systematic deviation appeared to be where A/I > 1.10.  Kokis did not consider these
deviations significant because they were explicable in terms of routine analytical error.
During these latter stages of the experiment there was a tendency for A/I values in both
the free and acid hydrolysate fractions of eggshells exposed to excess water to be
slightly lower than A/I values in the control.  The slightly lower A/I values in the
hydrolysate are explicable in terms of the loss of small polypeptides and free amino
acids with high A/I values.  The tendency in the free amino acids does not have a
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conventional explanation but may reflect an acceleration of hydrolysis relative to
isoleucine epimerisation in the eggshell exposed to excess water.
Further support for the retention of indigenous amino acids and the exclusion of
extraneous amino acids in eggshells was provided by Bada et al. (1999).  These authors
observed D/L values for Asx, Ala and Val close to equilibrium (D/L > 0.9) in three
Struthio eggshells with ages in the ranges 20 – 40 ka, 400 – 600 ka and 800 – 1000
years.  The attainment of D/L values close to unity is promoted by the retention of
highly racemised amino acids in low molecular weight fractions and the isolation of the
amino acid pool from contaminants with low D/L values.  Hence, the results are

































































 Hydrolysate (excess water)
 Free amino acids (control)







Figure 2.9 Extent of isoleucine epimerisation in Struthio eggshells under controlled conditions.  Data
are from Kokis (1988) and transformed using the natural logarithm term of the integrated rate equation.
AMINO ACID RACEMISATION      51
2.7.3   Range of A/I values over which first-order kinetics are observed
Although the range of A/I values over which reversible first-order kinetics are observed
does not provide direct evidence for closed system behaviour, it may be indicative of
the underlying processes that control the extent of isoleucine epimerisation (Collins &
Riley, 2000).  Under controlled conditions isoleucine epimerisation in avian eggshells is
commonly observed to obey first-order kinetics to an A/I value in excess of 0.9 (Kokis,
1988, Ernst, 1989, Brooks et al., 1990, Miller et al., 1991, Miller et al., 1992, Miller et
al., 1997, Miller et al., 2000).  This is a much larger range than that commonly observed
for isoleucine epimerisation in mollusc shells (Kriausakul & Mitterer, 1980, Haugen &
Sejrup, 1992) (but see Mitterer, 1975) or foraminifer tests (Müller, 1984).
The larger range of A/I values over which isoleucine epimerisation approximates first-
order kinetics in eggshells is consistent with the suggested high integrity of this sample
type.  The preferential loss of low molecular weight fractions should reduce the
apparent extent and rate of isoleucine epimerisation because this pool is typified by
amino acids high A/I values.  This loss is expected to operate in concert with the
diagenetic processes that produce the deviation from reversible first-order kinetics to
enhance the characteristic decline in the rate of isoleucine epimerisation with increasing
A/I and thereby shorten the length of the initial phase of rapid epimerisation and first-
order kinetics.  In a closed system, molecules of all sizes are retained, from high
molecular weight polypeptides to free amino acids, and the apparent reaction rate is not
constrained by the loss of fractions with high A/I values.  The extended phase of first-
order kinetics observed in Struthio and Dromaius eggshells is therefore explicable in
terms of the retention of indigenous amino acid residues in a range of molecular weight
fractions.
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2.7.4   A labile fraction during early diagenesis
Miller et al. (2000) provided evidence for a labile population of amino acids in
Dromaius eggshells that is rapidly lost during the early stages of diagenesis.  These
authors observed the concentration of the thermally stable Glx residue drop from an
initial concentration of about 14 nmol/mg to a plateau at about 12 nmol/mg after four
days of laboratory diagenesis at 143 ºC.  This same decline in Glx was not observed in
sub-modern or fossil Dromaius eggshells subjected to the same treatment.  Furthermore,
the loss was suggested to be insensitive to temperature because the plateau in the sub-
modern and fossil eggshells centred on approximately 9 and 8 nmol/mg, respectively.
Based upon these observations, and accompanied by supporting data on the
concentrations of moderately stable Asx and unstable Ser residues, the authors
suggested that there was a pool of amino acids amounting to approximately 20 – 30 %
of the residues in fresh eggshells that were lost within the first few decades of
diagenesis.
2.7.5   Intracrystalline amino acids
The ability to isolate intracrystalline organic residues in mollusc shells (Walton et al.,
1993, Walton, 1998b, 1998a) and bones (DeNiro & Weiner, 1988) indicates that
organic matter protected from the external environment might be found in a range of
biominerals.  Using a scanning electron microscope, Miller et al. (2000) observed
‘sheaths’ of organic matter in an acid-etched Struthio eggshell.  Their suggestion that
the sheaths reside within rather than between the calcite is the only direct support for the
intracrystalline residence of amino acids in eggshells.  The presence of intracrystalline
amino acids in avian eggshells could be verified by exposing specimens to oxidising
reagents such as sodium hypochlorite (NaOCl) (Sykes et al., 1995).
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2.8 AGE ESTIMATION IN ARCHAEOLOGICAL CONTEXTS
Aside from a recent publication stemming from this research (Pasveer et al., 2002),
application of the extent of isoleucine epimerisation in avian eggshells for
geochronological purposes in archaeological contexts has been restricted to Struthio
eggshells from the African continent.  The volume of research is extensive (Brooks &
Smith, 1987, Kokis, 1988, Brooks et al., 1990, Miller et al., 1991, Henry & Miller,
1992, Miller et al., 1992, Johnson et al., 1997, Kokis et al., 1998, Miller et al., 1999a)
and brief reviews are provided by Hare et al. (1997) and Johnson & Miller (1997).
Here the methods used to estimate ages from eggshell A/I values in archaeological
contexts are examined.  A distinction is made between relative and numeric ages, and
particular focus is given to ages derived for the ≠Gi and Border Cave sequences.
2.8.1   Examples of relative ages
The research on isoleucine epimerisation in Struthio eggshells demonstrates the
usefulness of the reaction for assessing relative chronologies in stratified archaeological
sites.  The A/I values may be useful for identifying both well-stratified deposits and
assemblages subject to extensive mixing.  At Mumba Shelter (Tanzania), the A/I values
obtained by Kokis (1988) fall into two groups, one in which A/I < 0.2 and another in
which 0.3 < A/I < 0.9 (Fig 2.10).  The low A/I values occur only in the upper 40 cm of
the sequence that features Holocene radiocarbon ages.  Thus, the values appear to
separate young eggshells from older (probably Pleistocene) eggshells.  Kokis also
observed a similar but more striking contrast in A/I values in the stratified sequence of
≠Gi, Botswana (Fig 2.10).  Above 85 cm depth A/I values are less than 0.55, and above
this point they occupy the range 0.90 < A/I < 1.10.  Again, the impression is a













































Figure 2.10 Examples of relative trends in the extent of isoleucine epimerisation in Struthio eggshells
from archeological sites.  Mumba Shelter and ≠Gi data from Kokis (1988), and Equus Cave data from
Johnson et al. (1997).
population of younger eggshells immediately overlying a series of older specimens.
The contrast in A/I values at ≠Gi is more pronounced because the difference in the
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extent of isoleucine epimerisation (DA/I = 0.35) is much larger between the young and
old groups at the site relative to Mumba Shelter (DA/I = 0.25).  As expected of a sample
type in which the diagenesis of amino acids takes place systematically, the relative
trends with respect to depth in hydrolysate A/I values at both Mumba Shelter and ≠Gi
were replicated in paired analyses of naturally hydrolysed amino acids (Kokis, 1988).
The antipode of these simple chemostratigraphic trends was observed at Equus Cave
(Fig 2.10).  At this site no trend in A/I values with respect to depth was observed
(Johnson et al., 1997).  Instead, values expected of modern Struthio eggshells were
observed throughout the sequence and a radiocarbon age indicated that an eggshell with
a relatively high A/I value recovered close to the surface was first deposited during the
Pleistocene.  The occurrence of eggshells with modern A/I values throughout the profile
is indicative of downward transport, and the paired radiocarbon/amino acid results
indicate upward transport has also taken place within the profile.
2.8.2   Examples of numeric age estimates
From the extent of isoleucine epimerisation, Henry & Miller (1992) determined that
Struthio eggshells from two Levantine Mousterian rock shelters in southern Jordan were
of equivalent ages after adjusting the A/I values for expected inter-site differences in
temperature.  Assuming an EDT between 2 and 3 ºC cooler than the current mean
annual temperature of 16.7 ºC an age of 69 ± 6 ka was estimated for the eggshells.  Hare
et al. (1993) presented age estimates of c. 80 and 125 ka for depths bracketing remains
of anatomically modern human fossils at Klasies River Mouth based on the extent of
isoleucine epimerisation in Struthio eggshells.  However, no supporting information on
A/I values or number of analyses was presented so no further comments on the research
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can be made.  Similarly, Kokis et al. (1998) reported obtaining A/I values on a large
number of Struthio eggshells from White Paintings Shelter (Botswana) but further
details are yet to be reported.  Brooks & Smith (1987) observed an A/I value of 0.43 in
a single piece of Struthio eggshell recovered from Ishango (Zaire).  By comparing this
value to the extent of isoleucine epimerisation in Pleistocene eggshells from ≠Gi (c. 200
km south) the authors judged that the specimen was more than 9000 years old.
Assuming this is the same piece of eggshell radiocarbon-dated by Brooks et al. (1990)
then their judgement was corroborated by an age of 25,570 ± 350 BP (AA-3300) on the
Ishango specimen.
2.8.3   Numeric ages for ≠Gi
Age estimates derived from the extent of isoleucine epimerisation in Struthio eggshells
from the archaeological sequence of ≠Gi provide an interesting case study.  Two
different approaches to the interpretation of Struthio eggshell A/I values in terms of age
have been employed at the site.  One of these is based largely on extrapolation from
Arrhenius parameters generated from high temperature experiments.  The other relies
upon field calibration of the reaction rate.
Kokis (1988) used an Arrhenius parameter-based approach to interpret the A/I values of
Struthio eggshells from ≠Gi in terms of age.  This approach depends on a reliable
estimation of EDT from modern meteorological data often because no eggshell of
known age is available to calibrate the reaction in the field.  Other researchers who have
adopted this approach include Henry & Miller (1992) and Johnson et al. (1997) .  From
Arrhenius parameters calculated by Hare from the work of both Kokis (1988) and Ernst
(1987), the expected relationship between time and Struthio eggshell A/I was
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determined for various temperatures (Kokis, 1988).  These linear calibration curves
were then used to interpret ≠Gi eggshell A/I values in terms of age assuming that the
modern mean annual temperature (21 ºC) provided a reliable estimate of EDT.
Unfortunately, the linear calibration curves were erroneous.  Consequently, the ages
presented by Kokis were grossly in error: the ages were typically 100 % greater than the
expected ages.  However, recalculation of the ages using the Arrhenius parameters of
Brooks et al. (1990) (ln (A) = 40.37, Ea = 30.01 kcal/mol) generates ages in agreement
with radiocarbon and thermoluminescence dates for the sequence (Fig 2.11).
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Figure 2.11 Summary of the lithostratigraphy, archaeology, radiocarbon, thermoluminescence and
Struthio eggshell amino acid results for ≠Gi.  Two sets of amino acid ages are presented: (1) the original
results of Kokis (1988), (2) a revised set of results using the EDT assumed by Kokis and the Arrhenius
parameters of Brooks et al. (1990),  and (3) results of Brooks et al. (1990).  Data from Kokis (1988) and
Brooks et al. (1990).
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Brooks et al. (1990) used a radiocarbon-dated eggshell with an A/I value of 0.534 to
calibrate the rate of isoleucine epimerisation at ≠Gi.  The quoted EDT of 20.5 ºC was
calculated by inserting the A/I value and radiocarbon date (34,010 ± 100 BP, AA-3302)
of an eggshell into the integrated rate equation and interpreting this value in terms of
temperature using their estimates of Ea and A.  Then, employing a linear calibration
curve in the same manner as Kokis, aminoages close to the expected ages were
generated for the ≠Gi sequence.  These ages are also presented in Figure 2.11.
In practice, of the two methods used to calculate ages for the ≠Gi sequence, that based
on field calibration of the rate of isoleucine epimerisation is more statistically robust
than the Arrhenius-based approach in which it is necessary to estimate EDT from the
modern thermal regime.  This is because small uncertainties in EDT (e.g. ± 0.5 %) are
magnified by the Arrhenius equation and combine with the uncertainties in A and Ea
(e.g. ± 35 %) to produce age estimates with large errors (e.g. ± 40 – 50 %) (McCoy,
1987).  An important source of uncertainty in the field calibration approach is
contamination of the radiocarbon-dated eggshell by young radiocarbon.  For example,
Miller et al. (1999a) considered an eggshell radiocarbon age of 35 ka or greater to be a
minimum age.  If the radiocarbon age of c. 34 ka used by Brooks et al. (1990) is
anomalously young then the epimerisation age estimates will be too old.  Another
source of error that concerns both sets of aminoages for the ≠Gi sequence relates to the
duration of first-order kinetics.  Brooks et al. noted that laboratory-induced isoleucine
epimerisation in Struthio eggshells follows first-order kinetics where A/I < 1.0.
Therefore, the upper limit of both sets of ages assigned to the Middle Stone Age horizon
must be considered minimum estimates because these are based on A/I values above
A/I = 1.0.  Furthermore, Miller et al. (1991) cautioned that the duration of linear
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kinetics at ambient temperature may be shorter than that observed at high temperatures.
This was based on their 110 ºC experiment in which the phase of linear kinetics
extended only as far as 0.9.  However, these authors cited but provided no details on
unpublished results that suggested the linear phase extends until A/I = 0.6 at 17 ºC.
2.8.4   Numeric ages at Border Cave
The recent publication of revised ESR and radiocarbon ages for the archaeological
sequence of Border Cave, South Africa, provides an opportunity to assess the age
estimates Miller et al. (1999a) obtained from Struthio eggshell A/I values.  The
reliability of A/I values in this study, which includes results from Apollo 11 Cave and
Boomplaas Cave, is increased by screening eggshells against burning according to the
extent of Leu hydrolysis (Miller et al., 1992).  As at ≠Gi, only one eggshell in the
Border Cave sequence featured both radiocarbon and amino acid analyses, and like the
former site, the radiocarbon age (36,100 ± 900 BP, AA-4254) is close to the limit of the
technique.  Instead of generating a potentially erroneous field calibration from these
paired analyses the A/I values from all of lithostratigraphic unit 1 were pooled
(A/I = 0.266 ± 0.020, n = 34) and their age was assumed to be 38.5 ka based on a ‘large
number’ of radiocarbon ages averaging between 38 and 39 ka.  The reaction rate
calculated in this manner corresponds with an EDT of 17.5 ºC (NB: Miller et al.
recorded the EDT between 14 and 38.5 ka to be 14.2 ºC which appears to be incorrect.
The correct EDT should be 16.0 ºC, which translates to Pleistocene temperatures 3.5 ºC
cooler than the post-glacial period.  This correction has no influence on isoleucine
epimerisation ages).  The field calibration of the rate of isoleucine epimerisation was
used to estimate the age of Struthio eggshells with A/I values that cluster about 0.33,
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0.39, 0.47, 0.87 and 0.97.  These ages are compared with radiocarbon and ESR dates in
Figure 2.12.
With two anomalous ages removed from the Border Cave radiocarbon chronology of
Bird et al. (2003), there is excellent agreement between the aminoages and revised 14C
Lithostratigraphy Industrya ESR (ka) 14C (ka) A/I ± SD AAR age (ka)
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aELSA = Early Late Stone Age; MSA = Middle Stone Age.
bCalibration sample.
Figure 2.12 Summary of the lithostratigraphy, archaeology, electron spin resonance, radiocarbon, and
Struthio eggshell amino acid results for Border Cave.  Electron spin resonance (ESR) and radiocarbon
(14C) from Grün & Beaumont (2001) and Bird et al. (2003), respectively.  Amino acid (AAR) results
from Miller et al. (1999a).  Ages shown are mean values for their respective lithostratigraphic units.
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chronology for the site.  Four radiocarbon ages between 42 and 48 ka were obtained for
a unit with an isoleucine epimerisation age of approximately 47 ka.  Another two
radiocarbon ages of c. 55 and 58 ka were obtained for a unit with an isoleucine
epimerisation age of about 56 ka, and a further age of about 69 ka was obtained from a
unit featuring five radiocarbon ages between about 55 and 58 ka and another with a
minimum age of 58 ka.  There is similar excellent agreement between the Border Cave
isoleucine epimerisation ages and recently revised ESR chronology of Grün &
Beaumont (2001).  There is, however, a tendency for the ESR ages to fall slightly below
those of the radiocarbon and amino acid chronologies.
2.9 AGE ESTIMATION IN GEOLOGICAL CONTEXTS
There have been two localities in which the extent of isoleucine epimerisation in avian
eggshells has been used to generate chronological control for geological sequences.
These localities are the lacustrine sequences of Bir Tarfawi in the Sahara (which are of
archaeological significance) (Miller et al., 1991) and Lake Eyre, South Australia
(Magee et al., 1995, Magee & Miller, 1998).  At the latter locality the technique has
been used for determining the timing of lacustrine and aeolian events, and in a separate
study it has been used to estimate the timing of the late-survival of an extinct member of
the Australian megafauna (Miller et al., 1999b).  Here the methods used to estimate
numeric ages from the extent of isoleucine epimerisation in these contexts are
examined.
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2.9.1   Timing of Saharan lacustrine sequences
Miller et al. (1991) used the extent of isoleucine epimerisation to estimate the age of
Struthio eggshells from lacustrine sequences in the Sahara, northeast Africa.  The mean
A/I value of eggshells from the base of the sequence was 1.016 and had an age of
130 ka estimated by independent means.  The A/I values of eggshells in the overlying
horizons were similar, about 0.98, and have an estimated age of 125 ka.  The inferred
rate of isoleucine epimerisation in an Early Holocene eggshell about 7500 years old
with an A/I value of 0.45 was used to calculate the extent of isoleucine epimerisation
expected in a terminal Pleistocene eggshell (A/I = 0.59).  These paired A/I values and
independent ages were then used to construct a simple model for the interpretation of
Struthio eggshells of unknown age (Fig 2.13).  Interpolating between the terminal
Pleistocene and 125 ka calibration points, the A/I value (0.914) of the eggshells of
unknown age was estimated to be 104 +10/-20 ka.  The asymmetrical error terms reflect
uncertainties in thermal history.  While this framework is potentially erroneous because
it assumes that the relationship between A/I and time is linear between the calibration
points (e.g. long-term temperature change would readily confound this assumption), the
proximity of the A/I values of the eggshell of unknown age and those of known age
increases confidence in the inferred age.
2.9.2   Age of Lake Eyre sequences
Cliff and beach ridge sequences surrounding Lake Eyre, central Australia, comprise one
of the most intensely dated terrestrial Quaternary sequences on the continent (Magee et
al., 1995, Magee & Miller, 1998).  The sequence is rich in the eggshells of waterbirds
(perhaps pelican) and Genyornis eggshells.  The sequence spans about 120 ka and
features radiocarbon, thermo-luminescence (TL), optically-stimulated luminescence
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(OSL) and uranium series numeric ages, as well as non-eggshell fossils suitable for
amino acid analyses.  Thus, the setting provides an excellent setting to assess numeric
ages derived from eggshell A/I values.
To interpret eggshell A/I values in terms of age, the reaction was calibrated in Dromaius
eggshells with radiocarbon dates (Miller et al., 1997) and OSL and uranium-thorium
disequilibrium dates for older samples.  This Dromaius eggshell calibration was then











Age (thousands of years)
Unknown age
Calibration points
Figure 2.13 Interpolation of Struthio eggshell ages from the extent of isoleucine epimerisation at Bir
Tarfawi.  The calibration points (white circles) were used to estimate the age of eggshells of unknown age
(black square) with A/I values of 0.914.  The inferred age is 104,000 years.
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ratite eggshells (Magee & Miller, 1998).  Using this calibration, Genyornis eggshells
from the aeolian unit in the upper reaches of the Williams Point cliff sequence were
assigned aminoages of 56 to 69 ka with error terms of 10 ka.  Radiocarbon ages close to
40,000 BP on Genyornis eggshells and Coxiellada shells from the unit are considered
minimum ages.  The isoleucine epimerisation ages are in general agreement with U/Th
(64.3 ± 1.6 ka) and TL (49.1 ± 3.3 ka) ages.  This aeolian unit is capped by the Shelly
Island unit and this features Dromaius eggshell radiocarbon ages (n = 11) ranging from
12,000 to 30,000 BP, stratigraphically consistent with the isoleucine epimerisation ages.
Amongst the beach ridges surrounding Lake Eyre there is a positive relationship
between A/I values in Coxiella/Coxiellada shells, the eggshells of non-ratites (n = 26)
and Genyornis (n = 53) versus the height of the ridges above sea level, reflecting
different lake filling events (Fig 2.14) (Magee & Miller, 1998).  The eggshell A/I values
successfully separate one beach ridge from the next but the separation is not as well
defined for the Coxiella/Coxiellada shells.  Due to the larger number of mollusc shells
analysed (n = 169) this observation may be an artefact of sample size.  The eggshell and
mollusc shell amino acid results provide a framework of relative ages supporting
independent ages for the sequential deposition of the beach ridges.
2.9.3   Timing of Genyornis extinction
Building upon the extensive series of paired amino acid analyses and radiocarbon ages
obtained on Dromaius eggshells by Miller et al. (1997), Miller et al. (1999b)
constructed a model spanning the last 120 ka for interpreting the age of Dromaius and
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Figure 2.14 Extent of isoleucine epimerisation in fossils from Lake Eyre beach ridges (Magee & Miller,
1998).
Genyornis eggshells from Lake Eyre according to their A/I values.  The aim of the
model was to provide a means of assigning a numeric age to the chemostratigraphically
youngest Genyornis eggshells, thereby constraining the timing of the extinction of the
taxa.  The age model (Fig 2.15) is based upon 17 radiocarbon ages (some ages appear to
have been rejected for reasons not stated because although they are listed in the
supplementary material they were not used to construct the age model), eight OSL ages
and five U-series ages.  This number of calibration points is far in excess of the sample
size typically used to constrain isoleucine epimerisation in avian eggshells at a given
locality.  The calibration curve (Fig 2.15) features four distinct segments reflecting
changes in the thermal regime over glacial-interglacial timescales as well as the kinetics
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a) Age model for A/I values of eggshells 
from Madigan Gulf, Lake Eyre
b) Ice core oxygen isotope record 
from Vostok, Antarctica
Figure 2.15 Numeric calibration of the extent of isoleucine epimerisation in Dromaius and Genyornis
eggshells from Lake Eyre, central Australia according to Miller et al. (1999b). A/I values are plotted as
Genyornis eggshell equivalents (A/I values in Dromaius eggshells are 1.18 times higher than those of
Genyornis eggshells). Genyornis extinction is estimated to have taken place at 50 ± 5 ka, therefore the
radiocarbon ages on eggshells of this taxon represent minimum ages.  The rate of isoleucine epimerisation
is most rapid during warm periods as represented by more negative d18O values in b) the ice core oxygen
isotope record from Vostok, Antarctica (Petit et al., 1999, 2001).
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of isoleucine epimerisation (i.e. initially rapid and slowly progressively).
Unfortunately, the lowest Genyornis eggshell A/I values (0.46 < A/I < 0.50) coincided
with the period of least rapid isoleucine epimerisation and this reduces the age-resolving
power of the reaction, increasing uncertainty in the inferred timing of Genyornis
extinction.  To circumvent this problem the authors relied upon independent
chronological control (an OSL age on sediments enclosing the youngest fragment, U-
series on eggshells, and minimum radiocarbon dates on eggshell calcite) to constrain the
timing of Genyornis extinction.  These dates placed the extinction between c. 46 and 65
ka: the authors favoured an estimate of approximately 50 ± 5 ka.
2.9.4   Palaeotemperatures from amino acids in eggshells
Although palaeotemperatures have been inferred from the rate of isoleucine
epimerisation in Struthio eggshells in several studies (Brooks et al., 1990, Miller et al.,
1991, Miller et al., 1992, Johnson et al., 1997, Miller et al., 1999a), there has been only
one study in which the primary aim was to estimate the temperature at which the
reaction has proceeded in order to provide insights into palaeoenvironmental conditions
(Miller et al., 1997).  However, Miller et al. (1992) generated what they termed
‘simultaneous temperature’ estimates in order to detect Struthio eggshells with
anomalously high thermal histories.  Supported by evidence suggesting the retention of
the products of amino acid diagenesis in avian eggshells, these simultaneous
temperatures were estimated from paired analyses of the extent of both isoleucine
epimerisation and Leu hydrolysis in Struthio eggshells.  The temperature sensitivity of
both reactions was described in terms of Arrhenius parameters by conducting high
temperature experiments with ambient temperature controls.  Then A/I values and the
ratio of bound Leu to Leu in the total acid hydrolysate were used to solve a single
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expression for the ‘simulatenous temperature’.  These ‘simultaneous temperatures’
ascribed relatively high effective temperatures to eggshells with high A/I values (i.e.
presumably ‘burnt’) relative to the extent of the reaction in specimens from the same
horizon.  Hence, although the palaeotemperature estimates may be prone to large errors
(± 10 ºC) the approach seems highly suited to detecting Struthio eggshells with
anomalous thermal histories, at least where the degree of the anomaly is pronounced.
The large uncertainty is an artefact of the analytical uncertainty associated with the
determination of the extent of Leu hydrolysis.  The extent of Leu hydrolysis is
inherently more uncertain than the calculation of A/I values because it is dependent on
accurately determining sample weight and the relative abundance of Leu relative to a
laboratory spike for two separate eggshell preparations.  By comparison, A/I is simply
the relative abundance of D-aIle and L-Ile in one eggshell and is independent of sample
weight.
Miller et al. (1997) estimated LGM temperature depression in central Australia from the
extent of isoleucine epimerisation in Dromaius eggshells from Madigan Gulf, Lake
Eyre.  The rate of isoleucine epimerisation in eggshells younger than 16 ka was c. 37
times more rapid in eggshells aged between 16 and 50 ka, corresponding to a
temperature depression of c. 20 ºC during the Pleistocene.  However, Miller et al.
considered this dramatic cooling an artefact of shallow burial during the LGM.  It was
argued that shallow burial accelerated the rate of isoleucine epimerisation in eggshells
deposited between 15 and 25 ka, thus minimising the difference between A/I values in
eggshells deposited during this period and those thousands of years older.  To account
for the influence of shallow burial the authors corrected the A/I values using
asymmetric errors bars.  With these corrected values the post-16 ka reaction rate was 4.9
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times faster than the Pleistocene rate, corresponding with temperature depression of
approximately 9 ºC.  Supporting the temporal trend in isoleucine epimerisation at Lake
Eyre were similar trends in A/I values with respect to time at other sites.
While statistically and analytically sound, this estimate of Pleistocene temperature
depression in central Australia nonetheless appears anomalously large.  However, an
independent evaluation of the estimate of temperature depression is confounded by a
lack of alternative palaeothermometers.  Vegetation records for the region are sensitive
to changes in effective moisture (Singh & Luly, 1991, McCarthy et al., 1996, Johnson et
al., 1999), not temperature, as are other palaeoclimatic archives, such as fluvial, aeolian
and lacustrine sequences (Nanson et al., 1992).  Estimates of temperature depression
from climate models suggest less dramatic cooling 18,000 years ago than that
interpreted from the eggshell A/I values (e.g. 4 ºC, Hubbard, 1995).  From the altitude
of evidence for Pleistocene periglacial activity (c. 1000 m) in the southeastern
highlands, Galloway (1965) estimated Last Glacial Maximum temperature depression
of at least 9 ºC.  Barrows et al. (2004) obtained cosmogenic exposure ages of 17 – 22 ka
for periglacial deposits at elevations of 1100 – 1200 m above sea level, confirming that
the palaeotemperature estimate of Galloway are applicable to the most recent glacial
advance.  If the temperature depression inferred from Dromaius eggshell A/I values is
anomalously large then the Arrhenius parameters must be overestimating the
temperature sensitivity of the reaction at ambient temperatures.  This would require that
the reaction rate observed during simulated diagenesis at high temperatures be too high,
ascribing an erroneously steep slope to the Arrhenius equation.
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2.10 CONCLUSIONS
The racemisation of amino acids is one of the many reactions that these molecules
undergo over geological time.  The racemisation reaction is best suited to
geochronological applications where fossils are deposited in discrete episodic events
because the factors that influence the extent and rate of racemisation serve to reduce the
accuracy of the technique for numeric age estimation.  These same factors have a lesser
impact on the use of D/L values for assigning relative ages, an application to which the
technique is highly suited.  Palaeotemperature applications necessitate both numeric age
control on field specimens and mathematical description of the temperature sensitivity
of the reaction.  Statistically, the use of D/L values for investigating temperature change
is more robust than their use for numeric age estimation.  Both palaeotemperature and
geochronological applications would benefit from further investigation into the
applicability of observations of amino acid racemisation at high temperatures to
environmental temperatures.
The prime advantage of eggshells as a sample type for amino acid racemisation
geochronology and palaeothermometry is their ability to retain indigenous amino acids.
That eggshells preserve amino acids well is supported by the relatively long range over
which first-order kinetics are observed (at least at high temperatures), the suggestion
that eggshell organics are locked amongst the calcite crystals, the insensitivity of
isoleucine epimerisation in the total acid hydrolysate to the abundance of water under
controlled conditions, and the ability for results of experiments at high temperatures to
be replicated in both modern and ancient eggshells.  The best evidence for the excellent
retention of eggshell amino acids are steady concentrations of thermally stable amino
acids in fossil eggshells during diagenesis.  However, it is important to note that the
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research of Miller et al. (2000) indicates that eggshells fail to approximate a closed
system during early diagenesis (c. 100 years).  Given that the loss of these labile amino
acids is rapid, this process will not convolute the long-term diagenesis of eggshell
amino acids in the field.  However, the implications of this geologically-ephemeral open
system behaviour for extrapolations from laboratory experiments conducted on modern
eggshells to field conditions is not clear.  Providing the amino acids lost during early
diagenesis are similar in their biogeochemistry to those that are retained, scope remains
for relevant extrapolations from observations made under controlled laboratory
conditions to the amino acids residues of ancient eggshells.
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Chapter 3 
Reconstructing Quaternary Environments with the
Stable Isotope Ratios of Eggshells
3.1 INTRODUCTION
Along with the hydroxyapatite of tooth enamel, collagen of bones and the aragonite of
land snail shells, the calcite and organic components of avian eggshells represent the
terrestrial faunal remains whose stable isotope ratios are commonly promoted as a tool
for the reconstruction of Quaternary palaeoenvironments (for reviews see Schwarcz &
Schoeninger, 1991, Goodfriend, 1992, Koch, 1998, Kohn, 1999).  From the early work
of Folinsbee et al. (1970), Erben et al. (1979) and von Schirnding et al. (1982) research
into the factors controlling the stable carbon, oxygen and nitrogen isotope ratios in
avian eggshells has evolved such that the primary inputs controlling these signatures are
now well established (Hobson, 1995, Johnson et al., 1998).
Like amino acid studies, use of the isotope ratios of eggshells for palaeoenvironmental
reconstructions has focused on robust eggshells, such as those of the ratites.  The
research has been conducted on the eggshells of Struthio, Dromaius and Genyornis
from Quaternary sequences in Africa and Australia (Johnson et al., 1993, Johnson,
1995, Fogel et al., 1997, Johnson et al., 1997, Johnson et al., 1998, Johnson et al., 1999,
Miller et al., 1999, Lee-Thorp & Talma, 2000).  Investigations have also been
conducted on more ancient avian eggshells (Stern et al., 1994, Segalen et al., 2002) and
those of dinosaurs (Folinsbee et al., 1970, Erben et al., 1979, Sarkar et al., 1991, Zikui
et al., 1991, Tandon et al., 1995, Guangyou & Jianhua, 2000, Zhao & Yan, 2000, Zhu
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& Zhong, 2000, Cojan et al., 2003), and the stable isotope ratios of avian eggshells have
proven to be a valuable tool in modern ecological studies (Schaffner & Swart, 1991,
Blum et al., 2000, Hobson et al., 2000, Blum et al., 2001).
In this chapter, the concepts behind the use of carbon, oxygen and nitrogen stable
isotope ratios in the tissues of animals for palaeoenvironmental research are examined.
It is within this context that the stable isotope ratios of avian eggshells is explored.  This
examination includes identification of the compounds from which the inorganic and
organic components of eggshells are synthesised, and the isotopic fractionation that
takes place upon their incorporation into this sample type.  The potential of radioactive
isotopes (uranium series, radiocarbon) for defining the age of eggshells is also
addressed.  By referring to previous research, the chapter concludes by illustrating the
use of stable isotope ratios of ancient eggshells for palaeoenvironmental
reconstructions.
3.2 CARBON, NITROGEN AND OXYGEN ISOTOPES IN TERRESTRIAL
ECOSYSTEMS
Isotopes of an element share the same atomic number because they feature the same
number of protons but differ in atomic mass due to a different number of neutrons.
Physical processes and chemical reactions discriminate against isotopes in predictable
ways (e.g. Hoefs, 1997).  These patterns have been elucidated for the transfer of
isotopes through ecosystems by conducting controlled laboratory experiments (e.g.
DeNiro & Epstein, 1978, 1981) and observing the isotopic composition of organisms in
the field (Schoeninger & DeNiro, 1984, Heaton et al., 1986, e.g. Ayliffe & Chivas,
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1990).  Combined, the laboratory and field approaches provide the basis for the use of
stable isotope ratios in palaeoenvironmental research.
Carbon exists in three isotopic forms, 14C, 13C and 12C.  The former atom is radioactive,
the latter two are stable with 12C more abundant (98.89 %) than the heavier isotope, 13C
(1.11 %) (Nier, 1950).  Nitrogen exists in two isotopic forms, 14N and 15N, with the
lighter isotope more abundant (99.64 v. 0.36 %) (Nier, 1950).  The three isotopes of
oxygen are 16O, 17O and 18O of which the former is most abundant (99.763 %) (Garlick,
1969).  The heaviest oxygen isotope is more abundant (0.1995 %) than 17O (0.0375 %)
and is therefore preferred for analysis.  By convention a stable isotope ratio is defined
relative to an internationally recognised standard, calculated from the following
equation and expressed in parts per thousand (‰):
dX = (Rsample / Rstandard – 1) ¥ 1000 Eqn. 3.1
where X  = 13C, 15N or 18O and R  = 13C/12C, 15N/14N or 18O/16O, respectively.  The
standard for carbon is the Cretaceous belemnite Belemnitella americana (PDB) from the
Pee Dee Formation, South Carolina.  PDB was a suitable standard due to its stability
and homogeneity.  However, the supply is exhausted so alternative standards of known
isotopic composition relative to PDB are now in use (Hoefs, 1997).  The standard for
nitrogen is atmospheric nitrogen (AIR).  Atmospheric nitrogen (N2) is a suitable
standard because this huge reservoir is well-mixed and not subject to temporal
variations (Mariotti, 1983).  By convention, the d18O values of minerals, including
eggshell calcite, are reported relative to PDB and water values are reported relative to
standard mid-ocean water (SMOW).  The following equation derived by Coplen et al.
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(1983) is used to interconvert oxygen isotope ratios of carbonate between the SMOW
and PDB scales:
d18OV-SMOW = 1.0309 ¥ (d
18OPDB) + 30.9 Eqn. 3.2
All d values reported here are rounded to one decimal place.  Most plant and animal
tissues have negative d13C values between about -30 and -10 ‰, and positive d15N
values between about 0 to 20 ‰ (Schoeninger & DeNiro, 1984, Koch, 1998, Kelly,
2000).  Most vertebrate biominerals have d18O values between -20 and 0 ‰ (SMOW)
(e.g. Ayliffe & Chivas, 1990, Cormie et al., 1994, Bryant et al., 1996, Genoni et al.,
1998, Sponheimer & Lee-Thorp, 1999).
Intuitively, the length of time it takes for the stable isotope ratios of a tissue to respond
to change in the isotopic composition of the diet is a function of the metabolic turnover
of that tissue.  For example, Hobson & Clark (1992) observed a variety of responses
when quail (Coturnix japonica) diets were switched from wheat to corn.  Blood and
muscle d13C values equilibrated with that of the new diet over approximately 50 days.
In contrast, liver d13C values equilibrated in half that time and collagen values failed to
equilibrate after the passage of 200 days.  Some tissues are formed at a specific stage of
life or produced at a certain time of year.  For example, the hydroxyapatite of human
dentine and enamel is formed during the first few years of life whereas the same
biomineral is continually remodelled in bone.  Accordingly, the d18O value of this
mineral may vary between our bones and teeth reflecting changes in the isotopic
composition of oxygen assimilated at different stages of life.  An understanding of
tissue physiology is therefore important in the interpretation of stable isotope ratios.  In
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terms of geological time, stable isotope analyses of macrofossils such as bones and
eggshells provide a near-instantaneous signal, as opposed to a time-integrated record
such as palaeotemperature reconstructions obtained from the extent of amino acid
racemisation.  For example, the isotope ratios of land snail shells recovered from a
hypothetical sequence would reflect environmental conditions during the brief life of
the organism whereas stratigraphically-associated pedogenic carbonates may be
expected to integrate isotopic signals during the development of the profile.
Environmental and metabolic processes fractionate stable isotopes in predictable ways.
Of great relevance to ecological studies, the d13C and d15N values of tissues are
fractionated as these elements are transferred from one trophic level to the next (Fig
3.1).  The fractionation of nitrogen isotope ratios averages between 2 and 3 ‰, thus
carnivores high in a food chain tend to feature d15N values heavier than those of the
herbivores and plants at its base (Schoeninger & DeNiro, 1984, Sealy et al., 1987).  A
smaller but significant enrichment of carbon isotope ratios of approximately 1 to 2 ‰
also takes place in proteinaceous tissues between trophic levels.  Much larger
fractionations take place when carbon and oxygen are incorporated into hydroxyapatite
(Luz & Kolodny, 1985, Ambrose & Norr, 1993) and the carbonates of eggshell calcite
(Sarkar et al., 1991, Hobson & Clark, 1992) and land snail shell aragonite (Goodfriend
et al., 1989, Stott, 2002).  The degree of oxygen isotope fractionation is biomineral-
specific, with phosphate values being broadly comparable but contrasting with those of
carbonates (Bryant et al., 1996).
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Figure 3.1 Changes in the carbon and nitrogen isotopic composition with trophic level in a bat
community.  Data from Herrera et al. (1998).  Shaded regions represented the mean ± one standard
deviation of plant and insect d13C and d15N values for bulk tissues.  Data points correspond to separate
species of bat.  The data set exhibits the expected increase in d13C and d15N values with trophic level.
Many ecosystem components feature characteristic stable isotope ratios and recognition
of these signatures can be exploited to trace energy and nutrient flows.  For example,
ocean water has a d18O value close to 0 ‰ (V-SMOW).  Rainfall in the tropics has an
isotopic composition similar to ocean water but a latitudinal gradient exists whereby
rainfall at the poles is depleted in 18O (Craig, 1961, Dansgaard, 1964, Lawrence &
White, 1991).  Atmospheric O2 has a near constant d
18O value of 23 ‰ (Dole et al.,
1954), and atmospheric CO2 has a d
13C value of -8 ‰ in the modern atmosphere but
was much heavier in the pre-Industrial era due to the recent combustion of isotopically
depleted fossil fuels (Friedli et al., 1986, Indermühle et al., 1999).  Lipid-free tissues are
typically 2 to 5 ‰ lighter than associated proteins (Gloutney & Hobson, 1998, Hobson
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et al., 2000).  Marine d15N and d13C values tend to be enriched relative to terrestrial
ecosystems and coral reef ecosystems have d13C values further enriched relative to those
of the open ocean (Chisholm et al., 1982, Schoeninger & Tauber, 1983, Schoeninger &
DeNiro, 1984).
The carbon isotope ratios of plants vary according to the photosynthetic pathway used
to fix atmospheric CO2.  There are three photosynthetic pathways, C3 (Calvin), C4
(Hatch-Slack) and CAM (Crussalacean Acid Metabolism).  The median d13C values of
the C3 and C4 pathways are approximately -27 and -13‰ respectively, with no overlap
in the range of values (O'Leary, 1988).  CAM plants feature d13C values over the range
of -30 ‰ to -10 ‰ (Medina, 1996).  The majority of terrestrial trees and shrubs utilise
the C3 pathway whereas C4 plants are commonly tropical grasses, and CAM plants are
commonly arid-adapted succulents (Ehleringer & Cerling, 2001).
When the fractionation of isotope ratios on their passage through an ecosystem can be
accurately described, quantitative reconstructions of energy and nutrient flows can be
made (e.g. Cerling & Harris, 1999).  In the absence of precise modeling, the direction of
fractionation can commonly be determined, thus permitting confident qualitative
insights into ecological pathways (e.g. Goodfriend, 1990).  The contribution of two
different sources with distinct isotopic compositions to an isotopic pool can be
determined using a simple two end-member mixing model.  Using carbon isotopes, for
example:





1 = fA  + fB Eqn. 3.3
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where P represents the pool of interest and A and B are two sources, f represents the
fraction of the pool contributed by the respective sources, and D13Ctissue-A represents the
fractionation that takes place upon uptake of A.  The simultaneous use of an additional
isotopic tracer permits the contribution of three sources to the pool to be determined.
Using carbon and nitrogen isotope ratios as an example (and eliminating the source-
pool fractionation term):








1 = fA  + fB + fC Eqn. 3.4
It is important to recognise these simple models are sensitive to a variety of factors
(Schwarcz, 1991) including dietary preferences (Johnson et al., 1998) and preferential
routing of macronutrients (Krueger & Sullivan, 1984).  Phillips & Koch (2002)
emphasised that the flux of elements (e.g. C and N) may not be independent.  For
example, plants are N-poor and meat is N-rich, consequently, preferential routing of
meat amino acids to the proteins of an omnivore will bias protein d13C towards the d13C
of prey while being relatively insensitive to the influx of carbon from vegetation.
Phillips & Gregg (2001) reported that mixing models are most effective when a large
difference between the isotope ratios of the sources exists whilst inherent variability in
the isotopic signature of the source and mixture is additionally important.  Mixtures
with isotope ratios (corrected for fractionation) outside the range bounded by the
sources indicate an error in the assumptions underlying the application of the mixing
model.
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The analysis of stable isotope ratios in biological tissues has a wide variety of
ecological applications and the preservation of these tissues in the geological record
extends these applications to the study of palaeoecology.  Applications in vertebrate
ecology are commonly diet-related and include assessment of trophic level (e.g. Herrera
et al., 1998), dietary analysis (e.g. Herrera et al., 1993, McIlwee & Johnson, 1998) and
foraging range (e.g. Koch et al., 1995, Romanek et al., 2000). These studies have
focused on stable isotopes in tissues such as blood (Haramis et al., 2001), hair
(Schoeninger et al., 1998), feathers (Rubenstein et al., 2002) and muscle (Wolf &
Martinez del Rio, 2000).  However, due to a preservation bias against soft tissues,
palaeoenvironmental studies have necessarily focused on the stable isotope ratios of
biominerals such as hydroxyapatite (Koch et al., 1989) and the carbonate of mollusc
shells (Goodfriend, 1991) and eggshells (Johnson et al., 1999).
Due to concerns regarding the diagenetic alteration of isotope ratios, applications are
strengthened by information on the preservation state of the targeted fossil residue.
Means of assessing preservation state commonly include mineralogy (Ayliffe et al.,
1994), C/N ratios (DeNiro, 1985), infrared spectroscopy (Petchey & Higham, 2000),
amino acid composition (Hare, 1980), and yield (DeNiro et al., 1985).  Similarly, the
reliability of stable isotope ratios can be verified by the observation of expected
ecological trends (Bocherens et al., 1996) or between fraction offsets in isotope ratios
(von Schirnding et al., 1982).  The need to isolate residues that reliably retain their
isotope ratios has led to the development of laboratory practices designed to target such
fractions.  Examples include the removal of secondary carbonates (Koch et al., 1997),
the isolation of intracrystalline organic residues (DeNiro & Weiner, 1988) and various
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techniques designed to extract indigenous ‘collagen’ from bones (reviewed in Schwarcz
& Schoeninger, 1991).
3.3 STABLE ISOTOPES IN EGGSHELLS
Carbon and oxygen are abundant in the calcium carbonate (CaCO3) eggshell mineral
matrix.  Carbon and nitrogen are abundant in the amino acids (e.g. Ala: C3H7NO2) of
eggshell proteins at a ratio of approximately 4:1 and may also be present in eggshell
pigments.  Of the eggshell proteins the most abundant is the eggshell-specific
ovocleiden (Hincke et al., 1995) but other matrix proteins include those found in bones
(osteopontin, serum albumin), egg white (ovalbumin, ovotransferrin, lysozyme) as well
as proteoglycans (Hincke et al., 1995).  The carbon, nitrogen and oxygen of avian
eggshells are obtained through the diet of reproductive female birds, essential members
of an avian population.  In studies of modern birds, eggshells are a potentially valuable
resource because they do not necessitate interference with adult birds or their offspring.
In some geological contexts eggshells are the only well-preserved organic remains
(Williams & Vickers-Rich, 1992), thus such samples can also be of great value to
Quaternary scientists.
Upon cessation of yolk deposition, egg formation is a rapid process, taking
approximately 24 hours in a chicken (Burley & Vadehra, 1989), and when complete the
egg is expelled.  This unidirectional process and lack of component re-absorption are
important features that serve to distinguish eggshell studies from those of tissues that
are continually re-modelled over time, such as bone or muscle tissues (Tieszen et al.,
1983).  Formation of eggshell calcium carbonate in the form of calcite begins with the
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production of carbonic acid from carbon dioxide and water present in the shell gland,
catalysed by carbonic anhydrase (Lörcher & Hodges, 1969, Sharma & Pillai, 1971):
CO2 + H2O = H2CO3 Eqn. 3.5
Reaction of the carbonic acid with a hydroxyl group produces carbonate and water:
H2CO3 + OH
- = HCO3
- + H2O Eqn. 3.6
Eggshell calcium carbonate is then formed in the lumen by the reaction of calcium with
the carbonate, with carbon dioxide and water by-products:
2HCO3
- + Ca2+ = CaCO3 + CO2 + H2O Eqn. 3.7
The oxygen and carbon isotope ratio of eggshell calcite is determined by the d value of
these elements in the primary water and carbon dioxide inputs respectively, the
fractionation associated with each reaction and any isotopic exchange reactions in
which the molecules participate.  All reactions take place at a constant temperature (e.g.
38-39 ºC in ratites, Crawford & Lasiewski, 1968, Buttemer & Dawson, 1989, Maloney
& Dawson, 1993, 1998) because homeothermic animals such as birds maintain near-
constant body temperatures.
3.1.1   Carbon
In accord with the idea that the precipitation of eggshell calcite is the organic guidance
of an inorganic process, the offset between the d13C of diet and calcite is similar to that
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predicted from inorganic experiments.  From the inorganic chemistry of Mook et al.
(1974) it is estimated at 38 ºC the offset between blood CO2 and bicarbonate is 7.6 ‰,
and extrapolating from the inorganic experiments of Romanek et al. (1992) the
additional offset between bicarbonate and calcite is estimated to result in a total offset of
15 ‰ between blood CO2 and calcite.  Accordingly, amongst herbivorous birds,
estimates for the offset between the d13C of diet and eggshell calcite range between
approximately 14 and 16 ‰ (von Schirnding et al., 1982, Hobson, 1995, Johnson et al.,
1998).  This offset is comparable to the fractionation (14.1 ± 0.5 ‰) observed under
field conditions between the d13C of ruminant enamel carbonate and their diet (Cerling
& Harris, 1999).  Amongst carnivorous birds, somewhat smaller offsets between the
d13C of diet and calcite are observed.  Hobson (1995) recorded offsets of 11 to 12 ‰
amongst falcons, and offsets of 12 to 13 ‰ for seabirds were estimated by Schaffner &
Swart (1991).
In contrast to the d13C values of calcite, only minor fractionation is observed when
dietary carbon is incorporated into the organic fraction of eggshells.  Johnson et al.
(1998, Fig 3.2) observed differences between the d13C of Struthio diet and eggshell
organics of 3.3, 1.5 and 0.8 ‰, suggesting that a fractionation amounting to
approximately 2 ‰ can be expected, in accord with the estimates of von Schirnding et
al (1982).  These values are of the same magnitude as the diet to tissue fractionation
observed by Hobson (1995) for carbon isotopes in egg albumen, lipid-free yolk and
shell membrane, and is in accord with diet-tissue fractionation that takes place upon the
incorporation of carbon into other protein-rich tissues (e.g. chitin: DeNiro & Epstein,
1978, collagen: Tieszen et al., 1983,  keratin: Mizutani et al., 1992).  Similarly, Johnson
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Figure 3.2 Carbon and nitrogen stable isotope ratios of three Struthio eggshells and the diet of the
respective birds.  Data from Table 1 in Johnson et al. (1998).  Black squares and diamonds represent the
d13C and d15N values of the diet, respectively.  White diamonds and squares represent the d13C value of
eggshell organics and carbonate, respectively.  White circles represent eggshell organic d15N values.
(1995) observed that eggshell organics of quails fed an isotopically depleted diet were
enriched 2 ‰ relative to their feed.  When these birds were given a feed relatively
enriched in 12C the diet-to-tissue difference altered unexpectedly to -1 ‰.  Johnson
suggested that the change in fractionation might reflect the preferential metabolism of
isotopically depleted C3 plant tissues in the enriched diet.  If this is correct, it suggests
that d13C values in the organic fractionation are susceptible to bias towards the most
digestible dietary components.  This is an important consideration if d13C values are to
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be used to determine the contribution of tissues of varying digestibility to the nutrient
requirements of a bird.  The d13C values of Coturnix eggshell calcite obtained by
Johnson in the same experiment did not exhibit the same unusual change in diet-to-
tissue fractionation, suggesting that inorganic d13C may be less susceptible to bias of
this nature.
If the offset between the d13C of the diet and eggshell organics is typically small
(c. 2 ‰), and the offset between the diet and eggshell calcite varies with diet (c. 15 ‰
for herbivores, c. 12 ‰ for carnivores), then the difference between the d13C of eggshell
organics and calcite is also expected to vary with diet.  As the difference between the
d13C values of bone collagen and hydroxyapatite are also known to vary with diet (i.e.
D13C is smaller in carnivore than herbivore bones), the mechanism responsible for the
trend may be common to both sample types.
One explanation for the change in D13C with respect to diet relates to the greater
proportion of lipids consumed by carnivores relative to herbivores.  Because lipids are
depleted in 13C relative to the carbohydrates that herbivores rely upon for energy, the
inorganic carbon of carnivore eggshells may be expected to be more isotopically
depleted than that of herbivores, thus decreasing the offset between the d13C value of
eggshell organic and inorganic fractions in carnivorous birds (Hobson, 1995).
Schaffner & Swart (1991) offered an alternative hypothesis for this observation.  These
authors suggested that the export of isotopically light CO2 via digestive gasification of
carbohydrates might account for the more positive d13C value of herbivorous bird
eggshell calcite.  More recently, Schwarcz (2000) has argued that the dietary-
dependence of the biomineral/protein-dominated organic fraction d13C offset may be a
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product of a partial biochemical block on the formation of non-essential amino acids
from lipid carbon.  This author points out that all macronutrient components of the diet
should contribute to the d13C of biominerals (such as eggshell calcite), not just ‘energy
foods’, thus these hard tissues should effectively record the d13C of the whole diet,
offset by a constant amount.  The expected net effect of the bias against the synthesis of
protein from dietary lipids is a larger offset between the d13C of the diet and collagen of
a carnivore than an herbivore.
von Schirnding et al. (1982), Johnson (1995) and Johnson et al. (1998) promoted use of
the difference between the d13C value of Struthio eggshell organic and inorganic
fractions as a means of identifying diagenetically altered specimens.  These authors
observed this difference (D13C) to be independent of changes in the d13C value of the
diet.  The D13C value serves as a useful check on diagenetic alteration because the
degree of fractionation between diet and both fractions of eggshell carbon, along with
feeding ecology, are expected to be constant within a species over time, providing
feeding ecology does not shift.
3.1.2   Oxygen
Previous studies investigating the oxygen isotopic composition of eggshell calcite have
sought a relationship between the d18O values of drinking water and the biomineral
(Folinsbee et al., 1970, Erben et al., 1979, Schaffner & Swart, 1991, Johnson et al.,
1998).  These studies indicate that the d18O values of calcite exhibit a close correlation
with the d18O values of drinking waters (Fig 3.3).  Thus it is reasonable to conclude that
the concentration of 18O in water is an important determinant of the isotope ratio in
eggshell calcite.  Importantly, however, the experiment of Folinsbee et al., in which the
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d18O of drinking water was closely monitored, did not observe a consistent offset
between drinking water and eggshell d18O values as the isotopic composition of the first
variable was altered.  The relationship between the d18O of calcite and drinking water is
less than unity (Fig 3.3), a trend apparent in studies of 18O in bone phosphate
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Figure 3.3 Relationship between d18O values of avian drinking waters (SMOW) and eggshell calcite
(PDB) using data from Folinsbee et al. (1970), Erben et al. (1979), Sarkar et al. (1991), Schaffner &
Swart (1991) and Johnson et al. (1998).  The dashed line is a fit through all points with a slope (m) forced
equivalent to unity.  The bold line is a fit through the data points of Folinsbee et al. (1970) and has a slope
of 0.64.
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To understand why there is not a one to one correlation between the 18O content of
avian drinking water and eggshell calcite it is necessary to consider the influxes and
effluxes of oxygen in the avian body.  Drawing upon the model of Luz et al. (1984), the
major inputs of oxygen into the avian body are drinking water plus water present in
food (FDW), water produced as a by-product of energy metabolism (FM), and inhaled
oxygen (FO2).  The major outputs of oxygen are exhaled carbon dioxide (FCO2), water
vapour (FWV), water lost through renal and cloacal excretion, plus extrarenal excretion
via the salt gland (if present) (FEW) (Luz et al., 1984, Maclean, 1995).  The isotopic
contribution of these fluxes to body water d18O is a function of their molar flux (F),
isotope ratio (d) and the fractionation that takes place upon uptake or loss.  Presented
below in the form y = mx + b is an estimate of the isotopic mass balance of oxygen in
birds following Equation 8 of Bryant & Froelich (1995) as adapted from Luz et al.
(1984):
dBW = dDW(FDW/ FWV + FEW + FCO2) +
(FMdM + F O2d O2 + FWVdWV – 38F CO2)/(FWV + FEW + F CO2) Eqn. 3.8
Because the slope of this line, the influx of drinking water divided by the sum of all
effluxes, will always be less than one, the relationship between dDW and dEC precipitated
in isotopic equilibrium with body water is expected to be less than unity.  Because FDW,
FWV, FEW and FCO2 can be obtained from physiological observations, the slope of dDW to
dBW can be predicted.  As stressed by Bryant & Froelich (1995), each flux scales with
body size.  Consequently, the relationship between dDW and dEC is expected to vary
between species and extrapolations from birds commonly used in laboratory
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experiments (e.g. Coturnix and Gallus) may not be applicable to birds of contrasting
sizes (e.g. ratites or hummingbirds).  Kohn (1996) further stressed that general models
such as Equation 3.8 may fail to predict the d18O of body water because they do not take
into account additionally important genus-specific variations in diet and physiology
such as drinking habits and water conservation.
Previous researchers have observed the fractionation between water and biominerals to
be approximated by that observed in inorganic precipitations of the same mineral
(Kolodny et al., 1983, Luz & Kolodny, 1985).  The following equation of O’Neil et al.
(1969) predicts the offset between the d18O of inorganically precipitated calcite and
water:
1000 ln a (SMOW) = 2.78(106T-2) - 3.39 Eqn. 3.9
It follows that at an avian body temperature of 38 ºC the fractionation between dBW and
dEC should be 25.7 ‰ (SMOW), corresponding with a -5.1 ‰ offset between dBW
(SMOW) and dEC (PDB).  This prediction is in general but imperfect agreement with the
28 ‰ (PDB) difference observed between chicken blood serum (suggested by Luz &
Kolodny (1985) to be an indicator of dBW) and eggshell calcite in the dataset of
Folinsbee et al. (1970).
To clarify, the key determinant of the d18O value of eggshell calcite is likely to be the
d18O values of drinking water but it is important to recognise that other oxygen fluxes
will exhibit a non-negligible influence on d18O, too.  An offset between the d18O values
of body water and calcite in the vicinity of 25 – 30 ‰ is expected: the offset between
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drinking water and eggshell d18O values should be of a similar magnitude.  In the
absence of estimates for the parameters in the models of Luz & Kolodny, Bryant &
Froelich (1995), and Kohn (1996) interpretation of the d18O values of eggshells for
palaeoenvironmental reconstructions must be largely qualitative.
3.1.3   Nitrogen
The principal sources of nitrogen in eggshells are the amino and R-groups of amino
acids.  Amino acid biochemistry is therefore central to understanding the d15N values of
eggshell organics.  ‘Non-essential’ amino acids are either synthesised or derived from
the diet.  ‘Essential’ amino acids cannot be synthesised and therefore must be obtained
through the diet.  Essential amino acids (Ile, Leu, Lys, Met, Phe, Thr and Val) comprise
approximately 25 % of the residues in avian eggshells.  The most abundant amino acids
are Glx and Gly (about 12 % each) (Burley & Vadehra, 1989).
The nitrogen isotope ratio of individual amino acids exhibit distinct yet consistent
offsets relative to diet (Hare et al., 1991).  Differences in the biochemical processes
leading to the incorporation of amino acids in proteins result in variations in the
direction and degree of fractionation.  For example, among the array of amino acids
analysed by Hare et al. (1991), threonine d15N values were observed to be uniquely
negative relative to dietary values.  The relatively negative isotope ratio was considered
due to the donation of threonine nitrogen to a metabolic nitrogen pool and the absence
of enzymes capable of reaminating the amino acid.  In the same study, most amino acids
were fractionated +3 ‰ relative to dietary values.  Glutamic acid (plus glutamine) d15N
values were fractionated + 6 ‰ reflecting donation of isotopically light nitrogen to the
formation of other amino acids and urea (Hare et al., 1991).
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The offset between dietary d15N values and those of bulk eggshell organic residues was
observed to be approximately 2 ‰ in Struthio and Coturnix eggshells (Johnson, 1995,
Fig 3.2).  This offset is consistent with the range of trophic level offsets commonly
observed in the d15N of proteinaceous tissues (Ambrose, 2000, and references therein).
However, the use of the d15N values of eggshells for tracing the flow of nutrients across
trophic levels is potentially confounded by the influence of physiology on d15N.  In the
absence of protein stress, an increase in the excretion of urea under conditions of water
and heat stress will conceivably enrich the bodily nitrogen pool in 15N.  This is because
in ruminants the concentration of characteristically 15N-depleted urea increases in
response to water conservation in the kidney.  The excretion of this urea produces a 15N-
enriched residue that is capable of enriching the d15N of the organism’s tissues
(Ambrose & DeNiro, 1987).  It is also conceivable that under conditions of protein
stress an animal may catabolise its own tissues.  This mobilised pool may undergo the
same enzymatic fractionation that produces the d15N trophic effect, further enriching the
bodily nitrogen pool in 15N.  Thus, under conditions of ‘environmental stress’ (e.g. a
drought in which both water and food resources are limited) more positive d15N values
are expected but it may be difficult to resolve the relative importance of water stress
versus catabolism when trying to identify the factors responsible for forcing the isotopic
trend.
3.4 MODELLING ISOTOPES IN EGGSHELLS
3.4.1   Timescale encapsulated in isotope ratios
The formation of an eggshell places a great demand on the reserves of female birds for a
brief period of time.  It is for this reason that the experiments illustrated in Figure 3.4
succeed in demonstrating that the isotopic composition of avian eggshells reflects the
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isotopic composition of key dietary inputs integrated over a short period (less than two
weeks) prior to egg laying.  Diet switching experiments by Hobson (1995) and Johnson
(1995) conducted with Coturnix demonstrate that the isotopic ratio of eggshell organic
and inorganic carbon is determined by the isotope ratio of the diet integrated over a
period of three to four days prior to laying.  Similar results were observed for eggshell
d15N values (Johnson, 1995), the result expected if the organic carbon and nitrogen are
primarily obtained from the same source (i.e. amino acids).  It also takes about six days
for trace elements introduced to the avian diet to reach a stable concentration in
eggshells (Gaochuang et al., 2001).  Folinsbee et al. (1970) observed the d18O value of
chicken eggshells to reach a new isotopic equilibrium approximately 15 days after a
switch to drinking water with a different d18O value.  This duration is considered to
reflect the length of time it takes for drinking water to reach isotopic equilibrium with
the body water used to form eggshell carbonate.  It took a similar length of time (10
days) for rat body water to attain isotopic steady state with drinking water (Luz et al.,
1984).
The short length of time it takes for eggshell tissues to establish isotopic equilibrium
with key dietary inputs serves to differentiate the time frame captured in the isotope
ratios of avian eggshells from that captured in other commonly studied tissues, such as
bone collagen and muscle tissues (Hobson & Clark, 1992), both of which are formed
slowly and  are continually remodelled.  It is not possible to obtain the serial
within-organism isotope record from an eggshell that is possible with tissues such as
enamel phosphate (Koch et al., 1989).  The inability to capture between-season isotope
records is potentially offset by the advantage of gaining a ‘snapshot’ of the isotopic
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Figure 3.4 Changes in the isotopic and trace element composition of avian eggshells with respect to
time observed under controlled conditions.  The composition of control and experimental diets are
indicated.  Chicken eggshell oxygen isotope data of Folinsbee et al. (1970) is presented in (a).  Carbon
and nitrogen isotope data of Hobson (1995) and Johnson (1995) are presented in (b), (c) and (d).  The
iridium datasets of Gaochuang et al. (2001) are presented in (e).
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signature of a bird during a potentially precisely known time of year.  Breeding season
cues vary among species but a hormonal response to changing day length is common
(Sharp, 1996).  Reproductive activities may also be prompted by stimuli whose timing
is less precisely defined (yet possibly of great ecological or palaeoecological
significance) such as rainfall events or the abundance of prey.  Knowledge of the
breeding ecology of the avian species under investigation will increase confidence in the
interpretation of isotope ratios of both modern and ancient eggshells.
3.1.2   Capital and income breeding
Strategies for the supply of energy and nutrients to the demands of reproduction have
been classified into two extremes with a continuum of strategies between (Jönsson,
1997).  At one extreme are capital breeders, organisms whose reproduction relies solely
upon endogenous reserves.  At the other extreme are income breeders, organisms that
route their dietary influx to the needs of reproduction.  Examples of capital breeders
include Arctic geese and Antarctic penguins (Meijer & Drent, 1999).  The large number
of eggs able to be produced by the domestic chicken reflects their ability to rapidly
route dietary nutrients (‘income’) to egg production.
Due to the diverse array of strategies employed by birds to obtain and mobilise the
resources necessary for reproduction, potential exists for the isotopic composition of
avian eggshells to fail to reflect the isotopic signature of dietary influxes during the
period of egg formation.  The feeding and drinking experiments of Folinsbee (1970),
Hobson (1995) and Johnson (1995) feature results expected of income breeders.  That
is, the rapid attainment of isotopic equilibrium between eggshell tissues and key dietary
inputs.  However, the isotope ratios of egg tissues of a bird that draws upon somatic
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protein and fat reserves for egg production and breeding season activities (such as nest
construction and incubation) will not be controlled by the isotope ratios of the breeding
season diet.  Instead the egg isotope ratios will reflect the diet over the weeks or months
prior to the breeding season during which the capital reserves were accumulated.  If the
species is migratory, these reserves may be acquired in an environment both spatially as
well as temporally distant from the nesting site (Hobson et al., 1993).  Hence, eggshells
may feature isotope ratios foreign to nesting habitat.  Furthermore, the use of capital
reserves brings the timescale over which the isotopic composition of dietary inputs is
integrated closer to that of tissues with slow rates of turnover despite the fact that the
egg tissues are biologically ephemeral.  One implication of this phenomenon is that the
isotope ratio of a population of eggshells formed from reserves will underestimate the
isotopic variability in the species’ diet.
3.1.3   Breeding season diet
Reproduction places critical demands on the physiology of female birds.  Consequently,
the stable isotope ratios of avian eggshells may lead to inferences that are atypical for
other members of the avian population such as males or immature birds.  This close
association with reproduction serves to further differentiate the study of eggshell
isotopes from that of other commonly studied vertebrate tissues.  The aim of Table 3.1
is to illustrate that elements differ in the degree to which their abundance limits egg
production.  A shift in the diet of females during the breeding season to address these
limitations would not be unexpected.  For example, birds that are primarily herbivorous
may increase their intake of protein and calcium-rich invertebrates during the breeding
season, and a dietary reconstruction based on eggshell stable isotopes may yield
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different conclusions from a comparable study on the isotope ratios of male plumage,
for example.
Table 3.1 Number of eggs that could be produced from the elements present in a chicken’s body,






Number of eggs that
could be produced
Calcium 21.1 2.0 11
Phosphorous 12.3 0.1 107
Sulfur 3.9 0.1 34
Chlorine 2.6 0.09 29
Sodium 1.7 0.07 23
Potassium 4.2 0.07 63
Magnesium 1.0 0.03 37
Iron 0.2 0.002 81
3.1.4   Disruption of steady-state physiology
The body water models of oxygen fluxes referred to above are appropriate for a bird
that is physiologically at steady state.  However, an egg represents an appreciable efflux
of oxygen.  Over the course of the breeding season this may be cumulative in effect as
multiple eggs are laid.  Schoeller (1999, p. 669) suggested:
‘In general, steady state is assumed in the absence of an acute change in pool size exceeding 5% or a
systematic change exceeding a couple of percent for a period of one biological half-life’.
Using the domestic chicken (Gallus domesticus) as an example, an egg weighing 60 g
and consisting of 70 % water represents 2 % of a 3.5 kg bird comprising 60 % water
(Chapman & Mihai, 1972).  The typical Gallus production of one egg approximately
every second day will readily result in non-steady state physiology.  Accordingly, the
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total water flux in laying hens is double that of male birds (Chapman & Mihai, 1972).
The potential implications of non-steady state oxygen isotopic equilibrium are of greater
importance in small birds than large because the ratio of egg size to body mass is
smallest in large birds (Rahn et al., 1975).
Potential exists for the carbon isotope ratios of avian eggshells to yield values atypical
of the avian population as a whole due to the influence of egg production on blood lipid
concentrations.  Speake et al. (1998) observed blood lipid concentrations in the
domestic chicken increase up to 20 times their normal level during yolk formation.  The
importance of this fluctuation depends upon the physiological route that carbon takes as
it is incorporated into eggshell calcite and amino acids.  For example, the absence of
lipid catabolism during shell gland production of CO2 or minor contribution of lipid
carbon to the formation of non-essential amino acids will result in an insignificant effect
on the d13C values of eggshells.
3.1.5   Nutrient stress during reproduction
Hobson et al. (1993) observed the d15N values of muscle and liver tissues of female
Arctic-nesting Ross’ Geese increase over the course of the breeding season.  These birds
are capital breeders that fast over the course of the laying season.  An enrichment of
approximately 1 ‰ in muscle tissues and 2 ‰ in liver tissues was accompanied by a
decline in the mass of somatic tissues.  The trend was comparable to results in the same
study obtained on quail raised on a rationed diet, in accord with the proposition that
nutrient stress during the laying season was responsible for the change in d15N values.
The implication for the interpretation of the nitrogen isotope ratios of eggshells is that
breeding season physiology may have a significant effect on d15N values particularly if
STABLE ISOTOPES IN AVIAN EGGSHELLS      99
the laying season is protracted (whereby the likelihood of early eggs having a different
d15N from late eggs is increased) or if females experience a net decrease in protein
stores during the season or synthesise eggshell proteins from somatic tissues.  The
influence of breeding season nutrient stress may produce atypically enriched or variable
d15N values, and thereby convolute the use of d15N as an ecological tracer.
3.5 RADIOACTIVE ISOTOPES IN AVIAN EGGSHELLS
The decay of radioactive isotopes is a valuable means of assessing the age of eggshells
from Quaternary deposits.  For example, Miller et al. (1999) used uranium-series
disequilibrium dating (i.e. 238U, 230Th) to determine the age of Genyornis newtoni
eggshells beyond the limit of radiocarbon dating.  Despite potential complications
resulting from the inclusion of uranium and thorium in eggshell pores and variable
concentrations of these elements between specimens the authors found the uranium-
series ages to be consistent within stratigraphic units.  While the authors suggest that the
most reliable samples have a 230Th/232Th activity ratio greater than 30 (a proxy for the
amount of detrital material), repeatable U-series ages were obtained on multiple pieces
of a single eggshell where 230Th/232Th activity was below this cut-off.  These optimistic
initial findings provide support for the further use of uranium-series elements for
eggshell age estimation.
The most widely used method of numeric age estimation in Quaternary science is based
on the radioactive decay of 14C, radiocarbon.  In practice, radiocarbon age estimates up
to approximately 50,000 years BP (depending on the 14C background of the detection
system) may be obtained.  However, contamination by extraneous carbon may alter the
apparent age.  Contamination by modern radiocarbon produces age estimates that are
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significantly younger than actual age whereas radiocarbon-depleted contamination
produces significantly older age estimates.  Due to the exponential decline in 14C with
time, contamination is a greater concern in older materials.
The problem of contamination was recently illustrated by Bird et al. (2003) who used
stepped combustion and acid digestion to progressively release different fractions of
carbon from the organic and calcite components of Genyornis and Dromaius eggshells.
The calcite fraction just prior to complete dissolution was observed to yield older
radiocarbon ages than the carbon liberated at the end of treatment, possibly due to
contamination by well-crystalised secondary carbonates.  Organic carbon released
during the 650 ºC combustion step was more abundant and featured a higher percent
modern carbon (pMC) than the subsequent 800 ºC step.  This observation implies that
the lower temperature is effective at removing at least some contaminant carbon.
However, the mineral fraction typically yielded older age estimates than the organic
fraction, suggesting the former fraction is better suited for age estimation from the
decay of radiocarbon.
Additional evidence for the reliability of radiocarbon ages on eggshells collected in the
field comes from the research of Long et al. (1983) and Higham (1994).  Long et al.
(1983) observed that paired radiocarbon determinations on the organic and inorganic
carbon of Mid to Early Holocene-age Struthio eggshells overlapped within one standard
deviation.  Similarly, determinations on subsamples of Late Holocene moa eggshell
overlapped at one sigma and were in agreement with determinations on stratigraphically
associated charcoal (Higham, 1994).  Long et al. (1983) recommend that eggshells
undergo the same laboratory pre-treatment as other carbonate samples, that is the
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removal of external surfaces, to minimise complications due to diagenetic alteration of
radiocarbon content.  The importance of adequate cleaning was emphasised by Miller et
al. (1999) who found that attainment of infinite radiocarbon ages (i.e. beyond the range
of radiocarbon dating) on Genyornis eggshells was obtained by a rigorous acid etch and
drilling of pores.
Higham (1994) highlighted the possibility of an eggshell radiocarbon anomaly by
referring to the radiocarbon age estimates reported by Horowitz et al. (1978) and
Williams (1981).  Horowitz et al. reported ages of approximately 200 years BP on
modern Struthio eggshells.  A modern Dromaius eggshell submitted by Williams had a
radiocarbon age of 440 ± 80 BP.  Vogel et al. (2001) observed a lower radiocarbon
content in the carbonate fraction of modern Struthio eggshells than the organic fraction.
The organic fraction had a weighted average 14C deficit of 0.06 ± 0.23% relative to 14C
content of the atmosphere at the time of laying corresponding to an age overestimate of
five years; an uncertainty much less than the analytical error.  In this study the calcite
fraction in all eggshells yielded anomalously old radiocarbon ages.  The discrepancy
was not consistent, however.  One eggshell exhibited a 14C content over 4% less than
the contemporary atmosphere, two others featured a 14C content between 2 and 3% less
and another featured a difference of 0.67 ± 0.45%.  When compared with charcoal
radiocarbon ages from the same excavation unit of South African archaeological sites,
anomalously old Struthio eggshell carbonates ages were common but again the 14C
deficit varied widely.  These results contrast with those of Miller et al. on modern
Dromaius eggshells.  These authors recorded pMC of 116 and 118.6% in the calcite of
eggshells from the shores of Lake Eyre and 126.6% in a specimen from the Murray-
Darling confluence.
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In an attempt to resolve these varied observations several authors (Higham, 1994, Vogel
et al., 2001) have considered the possible effect of gizzard stones on eggshell 14C
content.  The stones are commonly digested by ratites to aid mechanical digestion
(Noble, 1991).  Additionally, some ratites are suspected of geophagy, the ingestion of
soil, presumably to bind toxins present in food (Diamond et al., 1999).  The experiment
of Long et al. (1983) in which the diets of chickens were spiked with carbonate
exhibited no measurable influence on the 14C content of the eggshells laid.  This may be
due to the exhalation of the CO2 evolved from carbonates during digestion.  The
anomalously old eggshell age estimates might be due to the consumption of water from
interior basins containing dissolved CO2 and bicarbonate depleted in 
14C (Higham,
1994).  Interior basins may be important reservoirs in the arid and semi-arid habitats of
Dromaius and Struthio.  These water bodies may be depleted in 14C due to incomplete
mixing with the atmosphere as a result of slow flow rates or the inflow of ancient
groundwater.  The main problem with this idea is that the minute input of 14C-depleted
CO2 in groundwater is likely to be masked by the much larger input of carbon in food
and its contemporary 14C signal.
In conclusion, although common, anomalously old eggshell carbonate radiocarbon ages
do not exhibit a constant offset relative to the radiocarbon activity of the contemporary
atmosphere.  Therefore, no systematic correction can be applied.  Instead, caution is
advised when interpreting such ages: the organic fraction is recommended if anomalous
depletion of 14C is a concern, otherwise, the calcite fraction appears less susceptible to
contamination.
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3.6 EGGSHELL STABLE ISOTOPE RESEARCH
3.6.1   Dinosaur eggshells
The calcite eggshells of dinosaurs and birds are the only eggshells that have been the
subject of stable isotope analyses for palaeoenvironmental reconstructions.  Studies in
which the stable isotope ratios of dinosaur eggshells have been used for environmental
reconstructions serve to illustrate the conclusions that can be drawn where very little is
known of the palaeoecological setting.  For example, the observations of extant animals
and an excellent understanding of modern ecosystems and climate regimes that form the
basis of Quaternary reconstructions are absent in Mesozoic case studies.
Stable isotope analyses of dinosaur eggshells have been limited to the carbon and
oxygen of eggshell carbonate.  The d13C values of dinosaur eggshells presented in
Figure 3.5 appear to provide a robust signal of the photosynthetic pathway at the base of
Mesozoic food chains: most of the d13C values of dinosaur eggshells are plausible from
the perspective of the carbon isotope ecology of avian eggshells.  The values are similar
to those expected of bird eggshells subsisting in a C3-based ecosystem with the
exception of three data points presented by Folinsbee et al. (1970).  These data points,
obtained on Oviraptor eggshells (Carpenter, 1999, p. 131), were isotopically enriched in
13C.  The palaeoecological significance of these values is not clear because the C4
grasses that commonly enrich the carbon isotope ratios of terrestrial vertebrate remains
did not expand until after 8 Ma (Ehleringer & Cerling, 2001).
The interpretation of the d18O values of dinosaur eggshells, such as those presented in
Figure 3.5, is complicated by the multitude of factors that can influence the 18O content
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Figure 3.5 Carbon and oxygen isotope ratios in dinosaur eggshells.  Superscripts in the legend refer to
the following research: (a) Erben et al. (1979), (b) Zhao & Zheng (2000), (c) Folinsbee et al. (1970), (d)
Sarkar et al. (1991), and Tandon et al. (1995), and (e) Cojan et al. (2003).
of a water body.  The d18O value of precipitation correlates with the amount of rain
removed from a cloud mass and the temperature of condensation (Dansgaard, 1964),
surface water becomes isotopically enriched by evaporation (Gonfiantini, 1986), and the
d18O signature of the global meteorological cycle shifts by relatively small amounts
with the waxing and waning of glacier activity (Shackleton, 1987).  However, each of
these processes shifts d18O values in predictable directions, and as a result supporting
evidence readily enhances the interpretation of the d18O values of dinosaur eggshells in
terms of the water balance of the catchment.  Sarkar et al. (1991) recovered isotopically
enriched eggshells from a depositional environment including authigenically-
precipitated gypsum, two forms of evidence indicative of a low rainfall environment.
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Cojan et al. (2003) proposed that a contraction of the offset between the d18O of
dinosaur eggshells and floodplain pedogenic carbonates over time reflects a reduction in
the degree of soil water evaporation over time.  A contrast between the d18O value of
floodplain and channel belt eggshells led the authors to conclude that the dinosaurs were
accessing distinct water sources and to identify the eggshells of dinosaurs that had
migrated between the settings.
3.1.2   Preservation of isotope ratios in dinosaur eggshells
Due to the long residence time of dinosaur eggshells in geological sequences
recrystallisation and precipitation of secondary carbonates potentially complicate
interpretation of their isotope ratios. For example, Zhu & Zhong (2000) noted
contamination by secondary carbonates produced a slight enrichment of the d13C values
of eggshells.  The excellent preservation of eggshell microstructure is commonly cited
to support the interpretation of isotope analyses (Folinsbee et al., 1970, Erben et al.,
1979, Sarkar et al., 1991, Zhao & Yan, 2000, Cojan et al., 2003).  Other lines of
evidence used to attest to the reliability of datasets include trace element composition
(Sarkar et al., 1991, Cojan et al., 2003), constrasts between the isotope ratios of
eggshells and associated carbonates (Erben et al., 1979, Sarkar et al., 1991, Tandon et
al., 1995, Cojan et al., 2003), and cathodoluminescence detection of secondary
carbonates (Cojan et al., 2003).
3.1.3   Ancient avian eggshells
Studies of pre-Quaternary avian eggshells have incorporated specimens representing a
variety of species and have focused on the use of the d13C values of calcite for
estimating the proportional contribution of C4 grasses to the diet (Stern et al., 1994,
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Segalen et al., 2002).  Quaternary palaeoecological studies have examined the stable
isotope ratios of Struthio, Dromaius and Genyornis eggshells.
Stable isotope ratios of ancient Struthio eggshells were the focus of a doctoral thesis
(Johnson, 1995) and have been reported by Johnson et al. (1993, 1997), Fogel et al.
(1997) and Lee-Thorp & Talma (2000).  Struthio eggshell carbon isotopes reflect the
proportion of C3 and C4 plants in the diet, nitrogen isotopes reflect mean annual
precipitation and oxygen isotopes reflect relative humidity (Johnson, 1995, Johnson et
al., 1998).  For example, the d15N isotopes in a 17,000 year record of eggshells from
Equus Cave, South Africa (Johnson et al., 1997) depicted a trend of reduced rainfall
during the Last Glacial Maximum and a subsequent increase to modern levels by at
least 6,000 years BP.  In southern Egypt, an increase in d15N values from the Early to
Mid-Holocene, along with variations in d13C values were in accord with a trend of
increasing aridification and reliance on oasis environments (Johnson et al., 1993).  A
Struthio eggshell oxygen isotope record spanning much of the last 15,000 years from
Elands Bay, South Africa, was interpreted in terms of relative humidity/aridity driven
by changing evapotranspiration rates (Lee-Thorp & Talma, 2000).  The record includes
relatively high d18O values suggesting arid conditions during the Mid Holocene, a shift
towards more humid conditions over the following 2000 years, followed by the re-
establishment of arid conditions.
Johnson et al. (1999) analysed Dromaius eggshells ranging in age from modern to
65,000 years from Lake Eyre, central Australia.  The stable carbon isotope ratios of
modern Dromaius eggshells analysed from a continent-wide transect correlated with
changes in vegetation community composition that were in turn controlled by the
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southward penetration of monsoonal precipitation.  It was therefore inferred that the
d13C values of ancient eggshells recorded the intensity of seasonal rains over the last
65,000 years.  Isotopically enriched values indicative of C4 grass consumption were
observed from the start of the record to approximately 30,000 years BP, indicative of an
active summer monsoon.  From 30,000 years BP to the present the contribution of C3
plants to the diet increased signalling a decline in the effectiveness of the seasonal rains.
Miller et al. (1999) examined the d13C value of the organic fraction of Genyornis
eggshells in an effort to define the feeding ecology of this extinct mihirung against a
backdrop of contemporaneous Dromaius eggshell analyses.  The range in Genyornis
eggshell d13C values was more conservative than those of Dromaius, with those of the
former bird the more negative of the two.  The authors considered these trends evidence
that Genyornis had more selective dietary requirements than the extant Dromaius,
feeding primarily on C3 shrubs.  It was suggested that the less flexible Genyornis
feeding regime was a burden that made the species more susceptible to extinction.
3.1.4   Preservation of isotope ratios in avian eggshells
Various methods have been used to assess the veracity of the stable isotope signatures
in ancient avian eggshells, the most common of which is analysis of D13C (von
Schirnding et al., 1982, Table 3.2, Johnson et al., 1997, Johnson et al., 1999).  The D13C
values of eggshells are a useful monitor of the preservation state of isotope ratios
because they depend on reliable d13C values in both the organic and inorganic fractions.
For example, Johnson (1995) criticised the isotope data of Stern et al. (1994) because
consistent D13C values were not observed in their Neogene eggshell sequence (see Table
3.2).  Anomalous D13C values may be indicative of alteration of organic fraction d15N
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values because C and N are intimately associated by their incorporation in amino acids.
Similarly, aberrant D13C values may be indicative of alteration of d18O values in the
inorganic fraction, especially as contamination by secondary carbonates is expected to
introduce both extraneous C and O.  The main weakness in this approach to assessing
preservation state is that misleading D13C values may be generated by unidirectional
alteration of d13C values in both carbon fractions or the alteration of isotope ratios in
just one carbon fraction.






























9.0 ± 1.0 10.4 ± 2.0 45 15.6
Johnson et
al. (1999)
aFrom Johnson et al. (1997).
bStatistics on accepted values.
To gauge the state of degradation of organic matter in Struthio eggshells, von
Schirnding et al. (1982) examined their C, N and H contents.  These results are
presented in Table 3.3.  The authors warned that the H data might be unreliable due to
the adsorption of H2O.  The C and N data suggest that the abundance of the organic
fraction declines sharply after 1000 years of diagenesis, perhaps reflecting the loss of
the labile fraction identified by Miller et al. (2000) in Dromaius eggshells.  Problems
with assessing the preservation state of eggshell isotope ratios according to the
abundance of elements in the organic fraction include the lack of relevance to the
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inorganic fraction and the possibility that organic residues with robust isotopic ratios
may remain within the biomineral despite a decline in the abundance of the eggshell
organics.
Table 3.3 Carbon, nitrogen and hydrogen contents of the organic fraction of Struthio eggshells (von
Schirnding et al., 1982).
Age % C % N % H C/N
Modern 40.6 12.1 6.3 3.4
Modern 42.8 12.8 6.4 3.3
1000 yr 46.8 13.2 6.2 3.6
5000 yr 3.5 0.9 3.1 3.9
10,500 yr 0.4 0.15 3.4 2.7
10,500 yr, burnt 4.9 1.0 5.5 4.9
Although an imperfect means of assessing the reliability of isotope signatures in bone
collagen (Schwarcz & Schoeninger, 1991), C/N values are commonly cited to support
d13C and d15N values in this sample type.  The C/N values for the modern Struthio
eggshells studied by von Schirnding et al. (1999, Table 3.3) are approximately 3.4.  In
contrast, C/N values of 3.9, 2.7 and 4.9 were observed in fossil Struthio eggshells.
Although the variability in the C/N values of the fossils may reflect diagenetic
processes, Johnson et al. (1997) suggested that C/N values are unlikely to be useful in
the study of eggshell isotope ratios due to the small amounts of C and N present.
Exactly why small concentrations would make eggshell C/N values unreliable was not
indicated, but the authors are presumably implying that the analytical error associated
with the calculation of the respective percentages of C and N are enhanced when
working with low abundances.  They offered the concentration and composition of
amino acids as an alternative because these parameters are known to be useful
indicators of contamination, leaching and poor preservation in amino acid-rich fossils.
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Johnson et al. (1993) examined the d13C values of individual amino acids in two
eggshells with ages of about 5000 BP and compared the d13C values to those observed
in modern eggshells.  The compound-specific d13C values for the fossil and modern
eggshells are presented in Figure 3.6.  Although there is general agreement among the
eggshells in terms of the offset between amino acids, with Ala, Gly, Asx and Glx
exhibiting the heaviest values and Leu the lightest values, Johnson et al. warned that the
preservation of d13C values in one of the specimens (Bir Tarfawi 145) may be unreliable
because the offsets were dampened.  It should be noted that one problem with this
approach is its reliance on a strong physiological overprint on the d13C of individual
amino acids in eggshells.  If differences amongst the d13C values of amino acids in the
diet (e.g. essential amino acids) are directly transferred to amino acids in eggshells then
the offsets amongst these molecules will vary independently of preservation state.
3.2 CONCLUSIONS
The utility of stable isotope research on eggshells is without question, but there is scope
for further investigation of the factors controlling the stable isotope ratios of avian
eggshells.  Interpretation of the isotope ratios of avian eggshells benefits greatly from
knowledge of the breeding and feeding ecology of the species under investigation.
Confidence in inferences drawn from eggshell isotope data is also increased by an
understanding of the physiology of the study species, such as adaptations to
environmental extremes and the pathways by which resources are routed from the diet
to the synthesis of eggshells.  The inability to precisely model the factors controlling the
isotope ratios of eggshells promotes qualitative rather than quantitative interpretation of
these values.  Individual investigations are likely to be most productive where the

















































Figure 3.6 Carbon isotope ratios of individual amino acids in modern and fossil Struthio eggshell.
Data from Johnson et al. (1993).  Modern eggshells are represented by white symbols and eggshells from
Bir Tarfawi (aged c. 5000 BP) are represented by black symbols.
number of species investigated is kept to a minimum and the temporal or spatial setting
offers the possibility to discern amongst a small number of alternative sources with
distinct isotope ratios.  In the published literature all conclusions drawn from the
oxygen and nitrogen isotopes of ancient avian eggshells have been qualitative and the
use of carbon isotopes has been restricted to distinguishing between the consumption of
C3 and C4 vegetation types, foodstuffs with distinct d13C values.  Despite
ecophysiological peculiarities in the transfer of nutrients to eggshell tissues there are
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broad similarities between the factors controlling the isotopic composition of avian
eggshells and other commonly studied vertebrate tissues.
The excellent preservation of dinosaur eggshell microstructure over millions of years
increases confidence in the reliability of isotope ratios of the calcite of eggshells from
Quaternary sequences.  The D13C values provide a useful yet imperfect means of
detecting alteration of the isotope ratios of avian eggshells, especially d13C values.
Confidence in assessments using D13C values will be strongest where accompanied by
other means of determining preservation state, such as analysis of amino acid
concentration and composition.  The low occurrence of anomalous D13C values in
Struthio and Dromaius eggshells from Quaternary sequences lends weight to the
evidence presented in Chapter 2 for the excellent preservation of the indigenous





In this chapter the methods used in this research to analyse the amino acids and carbon,
oxygen and nitrogen isotope ratios of the avian eggshells that form the subject of the
case studies are described.  In addition, the steps used to calculate the rate of isoleucine
epimerisation are provided, along with the methods used to calculate Arrhenius
parameters, prepare eggshells for radiocarbon dating, and convert conventional
radiocarbon ages to calendar ages.
4.2 AMINO ACID ANALYSES
4.2.1   Cleaning, weighing and hydrolysis
Prior to preparation, each sample receives the unique three-letter code (AAL) that
identifies the Amino Acid Laboratory of the Institute of Arctic and Alpine Research,
University of Colorado, Boulder as the place where the analysis was made.  The
numerical suffix identifies where in the record of lab preparations the sample is located,
and a single letter identifies the sample within that batch.  For example, three eggshells
from a single excavation unit may be identified as AAL-9325A, B and C.
Eggshells selected for analysis were first cleaned of any adhering matter (e.g.
membranes, sediments, cements), then 33 % of the exterior surface was removed by
stoichiometric addition of 2 N HCl.  This acid etch takes place in a centrifuge under
vacuum in order to drive the reaction rapidly towards completion.  Acid-etched samples
are rinsed three times with de-ionised distilled water and air-dried.  Commonly, more
114      METHODS
than enough eggshell is cleaned so a fragment weighing between c. 4 and 14 mg is
selected and the remainder is retained in a labelled plastic press-sealed bag.  The
weighed sample is dissolved in a vial with an excess quantity of 7 N HCl (0.02 mL/mg)
that is spiked with the non-protein amino acid norleucine (6.25 ¥ 10-5 mol/L), the vial is
flushed with N2, then the acidified residue is heated at 110ºC for 22 hours to hydrolyse
peptide bonds.  This method of producing free amino acids for analysis results in an
unavoidable increase in the extent of isoleucine epimerisation.  The extent of this
laboratory-induced epimerisation is estimated from the A/I value of a modern specimen.
Hydrolysis results in the irreversible conversion of Asg to Asp and of Gln to Glu, hence
the preferred use of the terms Asx and Glx to describe these mixtures.  The hydrolysed
residue is dried at 80 ºC under a flow of N2 and remains in this desiccated form until
analysis.  Prior to analysis the residue is re-hydrated with 0.01 N HCl (40 mL/mg).
4.2.2   High-performance liquid chromatography
Chromatography is performed using a narrow bore (2 mm internal diameter) column
packed with sulfonated polystyrene resin (manufactured by St John & Associates).  The
timing of amino acid elution is controlled by two sodium citrate buffers of differing pH
that are mixed to gradually increase the alkalinity of the mobile phase over the course of
the elution.  The buffers are adjusted to pH 3.06 (c. 19.6 g Na/L) and pH 7.0 (c. 20 g
Na/L) using 6 N HCl.  The timing of amino acid elution from the column is governed
by their interaction with the resin whereby amino acids featuring the least interaction
elute first.  Polarity, pH, ionic strength of the mobile phase and temperature affect the
affinity of amino acids for the resin (Miller & Brigham-Grette, 1989).
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Two buffer programs were used to separate amino acids.  Program ‘MolRun’ (designed
for mollusc shells) was used with megapode eggshells because many field samples were
Holocene and unidentified compounds co-eluted with the non-protein spike, norleucine,
in such young samples.  The unidentified compounds are less responsive than amino
acids to the buffer program.  Accordingly, MolRun is designed to shorten the elution
time of the last amino acids to be resolved (Val, aIle, Ile, nLeu).  The program ‘StdRun’
does not include the shortened elution time (which improves the resolution of the
aforementioned amino acids) and was used on non-megapode eggshells.
Amino acids are derivatised after eluting from the column (62 ºC) with ortho-
phthaldialdehyde-2-mercaptoethanol (OPA).  Each batch of OPA consists of 30 g boric
acid, 10.75 mL mercaptoethanol and 1.0 g of ortho-phthaldialdehyde crystals per litre of
water, adjusted to pH 10.2 – 10.4 with potassium hydroxide tablets.  Reaction with OPA
produces a fluorescent derivative that is detected by a photomultipler tube after
excitation with long-wave ultraviolet light.  The output is interpreted using ChemStation
software on a personal computer.  OPA reacts with primary amino groups hence no
derivative is produced for Pro (Pro has a five-carbon side chain that incorporates the
amino group).  This method readily resolves concentrations of Asx (although a leading
shoulder commonly impairs resolution of Asx), Thr, Ser (these thermally unstable
hydroxyl amino acids regularly shoulder one another therefore they are commonly
reported as Thr + Ser), Glx, Gly, Ala, Val (a buffer peak readily interferes with the
resolution of Val), aIle, Ile, Leu and the non-protein spike, nLeu (a broad peak
representing an unidentified compound/s co-elutes with nLeu, especially in very young
samples, i.e. A/I < 0.1).
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4.2.3   A/I values
The extent of isoleucine epimerisation is the ratio of the relative abundance of D-
alloisoleucine to L-isoleucine (A/I) calculated using peak areas on electronically
integrated chromatograms. A correction factor based on peak width at half peak height
was applied to the peak area data to account for possible differences in the geometry of
the two peaks such that:
A/I = Aarea/Iarea ¥ Awidth/Iwidth Eqn. 4.1
Typically, the D-alloisoleucine and L-isoleucine peaks are congruent so the correction
factor produces an A/I value only slightly different (within two standard deviations) of
that calculated for the more commonly used peak height data.  More significant and
systematic effects are produced by hydrolysis times of varying lengths, differences in
acid digestion procedures and differences in the chromatography of columns than those
that arise from the use of corrected peak area instead of peak height.
Significant inter-year batch effects were observed amongst A/I values.  The reasons for
the batch effects are not known.  In the absence of standards of known A/I values it was
decided to normalise the 2002 data to the 2000 and 2001 data using the Casuarius and
Alectura heating experiment results.  These 2000 and 2001 experiments featured steady
monotonic increases in the extent of isoleucine epimerisation with time over A/I values
ranging from close to zero to equilibrium, thus they could be considered reliable and
highly suited to quantifying the batch effect.  The 2000 and 2001 results were plotted
against the 2002 results and a third-order polynomial was fitted to the observed
relationship.  This polynomial was used to normalise the 2002 data.  Further discussion
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of these batch effects and the polynomials used to correct the 2002 A/I values are
presented in the Appendices.
4.2.4   Amino acid concentrations
Amino acid concentrations (pmol/mg) are calculated from amino acid peak areas
divided by the area of the nLeu peak, multiplied by 1250.  To avoid inter-batch effects it
was decided to restrict the concentration data to either analyses performed in 2000 and
2001 or 2002.  Consequently, many A/I values lack accompanying concentration data,
and rarely were multiple estimates of concentration available to gauge the analytical
error.  The provision of concentration data also suffers from the poor resolution of peak
areas on chromatograms.  Information on the abundance of Glx, Gly and Ala are
lacking for many of the megapode and Casuarius eggshell because these amino acids
were too abundant for their peaks to be properly resolved (instead of an apex, a plateau
was observed at the top of these overloaded peaks).  The calculation of amino acid
concentrations is inherently less accurate than the calculation of A/I values due to the
larger number of variables involved.  Potential error sources that influence calculation
of concentration but not A/I include uncertainties in sample weight, the concentration of
nLeu in the standard, the volume of standard introduced and resolution of the nLeu
peak.
After screening chromatograms to avoid spurious results it was decided to limit
concentration data for megapode and Casuarius eggshells to Thr + Ser and aIle + Ile.
As Thr + Ser are some of the least thermally stable amino acids their rapid
decomposition should provide a sensitive index for the overall degradation of eggshell
amino acids.  The preservation of aIle + Ile residues is pertinent to the calculation of A/I
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values, and as these amino acids are more stable than Thr + Ser their abundance should
also provide an index for less rapid diagenetic reactions.  Additional megapode and
Casuarius eggshell results for Glx, Gly, Ala and Leu are provided in the appendix.  As
the 2002 batch in which the majority of the Aepyornis eggshell heating experiment and
some preliminary field data were run did not suffer from the same problems as the
earlier batches (e.g. peak overloading) more extensive concentration data were
incorporated into the thesis for this sample type.  Although results were readily obtained
for the concentration of Thr + Ser, Glx, Gly, Ala, aIle + Ile and Leu in Aepyornis
eggshells, due to batch effects these datasets cannot be considered directly comparable
to those obtained on megapode and Casuarius eggshells.  For this reason the amino acid
concentrations in the three types of eggshells being studied cannot be thoroughly inter-
compared.
4.2.5   Heating experiments
To model the diagenesis of protein residues at environmental temperatures, fragments
of modern eggshell were heated for a series of discrete time intervals at 110, 143 and
160 ºC.  The high temperature enables chemical reactions, such as epimerisation,
peptide bond hydrolysis and amino acid decomposition to reach the same extent over a
period of weeks as would be attained over thousands of years at environmental
temperatures.  Following the method of Miller et al. (2000), fragments of eggshell
weighing approximately 50 mg were embedded in 2 g of sterilized quartz sand
moistened with 0.5 mL deionised water, sealed within a pyrex test tube under normal
atmosphere, then heated at the desired isotherm.  Once heating was completed the test
tube was cracked open and the eggshell was cleaned of sand and prepared as described
above.
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4.3 ESTIMATING ISOLEUCINE EPIMERISATION RATE AND ARRHENIUS
PARAMETERS
4.3.1   Rate of isoleucine epimerisation
The rate of isoleucine epimerisation is calculated using the integrated rate equation:
(1 + K`)k1t = ln[(1 + A/I)/(1 – K`A/I)] – ln[(1 + A/I t = 0)/(1 – K`A/It = 0)], Eqn. 4.2
where K` = k2/k1 = 0.77, k1 is the forward rate constant (yr
-1), and A/It = 0 is the extent of
isoleucine epimerisation in a modern specimen.  The abbreviation kavg is used as
shorthand for the average of values for k1.
4.3.2   Arrhenius parameters
Using the methods of McCoy (1987), the rate of isoleucine epimerisation in eggshells at
high temperatures were used to determine two parameters, Ea (activation energy) and A
(Arrhenius constant) of the Arrhenius equation:
ln k1 = ln A - Ea/RT, Eqn. 4.3
where R is a gas constant (1.9872 cal/K/M), and T is effective temperature measured in
Kelvins (0 ºC = 273.15 K).
The McCoy method calculates the Arrhenius parameters using a linear least-squares fit
of the rapid reaction rate observed over the initial phase of the reaction kinetics
(expressed as ln k1) versus the inverse of the temperature at which each experiment was
conducted (1/T) with weightings based on the inverse of the variance in ln k1.  In
addition to the laboratory results, the mean reaction rate (k1) calculated (using Eqn. 4.2)
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from the A/I of radiocarbon-dated eggshells was used to constrain the least-squares fit at
values for k1 observed at environmental temperatures.  From the slope (m = Ea ¥ R) and
y-intercept (A = eb) of the linear regression (y = mx + b), the Arrhenius parameters were
calculated.  Error terms are calculated for Ea and A taking into account estimated errors
in ln k1, T, and K.  Although errors calculated for Ea and especially A may be large, the
interdependency of these two parameters (expressed as r) tend to cancel one-another
when estimating k1 from the Arrhenius parameters.  The calculation of Arrhenius
parameters and their error terms was performed using the Excel spreadsheet program,
ARRERR.WK1, provided by W.D. McCoy (see McCoy, 1987).
4.4 ISOTOPE ANALYSES
4.4.1   Oxygen and carbon isotope ratios in eggshell calcite
Eggshells were cleaned by removing 33 % of the calcite with 2 N HCl followed by
rinsing in distilled water.  Once clean and dry, eggshells were ground to a fine powder
with an agate mortar and pestle.  Carbonate isotope analyses were obtained from two
isotope laboratories, that of the Research School of Earth Sciences at the Australian
National University (Casuarius eggshell analyses), and of the School of Earth and
Environmental Sciences at the University of Wollongong (all other carbonate analyses).
At the School of Earth and Environmental Sciences a typical sample mass was 750 –
900 mg and a Micromass PRISM III isotope ratio mass spectrometer was used.  At the
Research School of Earth Sciences the mass spectrometer used was a Finnigan
MAT251 and the typical sample mass was within the range 200-250 mg.  Although the
analytical systems operating in these labs differ in detail they are similar in outline.
Consequently, the systems are described simultaneously.
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The powdered eggshell was reacted with 105 % phosphoric acid at 90 ºC to produce
Ca3(PO4)2, H2O and CO2.  The CO2 and H2O is cryogenically trapped and this trap is
then thawed enough to release the CO2 yet retain H2O.  The CO2 is transferred to the ion
source of the mass spectrometer where it is bombarded by electrons.  The resultant
positive ion beam passes through a magnetic field that separates the CO2 molecular ions
(principal masses 44, 45, 46) according to their mass/charge ratio.  The magnetic field
bends the flight paths approximately 60º, with heavier ions deflected less than lighter
ones.  At the end of the flight tube the ions (separated according to their mass) enter
Faraday collectors and the signal is measured in terms of voltage received from an
amplifier.  This electrical signal is then interpreted in terms of atom percentages for the
calculation of isotope ratios using software on a personal computer.
The software program is provided with data on voltages for masses 44, 45 and 46
representing various combinations of isotopomers.  Values for 18O/16O are calculated
from mass 46/44.  Mass 46 comprises several isotopomers, however, all but 12C18O16O
are present in insignificant abundances.  Similarly, mass 44 is dominated by 12C16O16O
(with 14N14N16O present in negligible quantities), thus the ratio of 18O/16O is mass
46/mass 44.  Mass 45 (which features 13C16O16O) divided by mass 44 gives an
indication of 13C/12C.  However, mass 45 also features significant abundances of
12C17O16O and 12C16O17O, thus a correction must be made to account for 17O
interference.  This correction is performed using the correction of Santrock et al. (1985).
This correction identifies the abundance of 17O/16O as a function of 18O/16O:
17O/16O = 0.0099235 * (18O/16O)0.516 Eqn. 4.4
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The abundance of 17O is then used to correct the mass 45 voltage and 13C/12C is
calculated.
As described in Chapter 3, stable isotopic ratios are defined relative to an internationally
recognised standard, calculated from the following equation and expressed in parts per
thousand (‰), or per mil:
dX = (Rsample / Rstandard – 1) ¥ 10
3 Eqn. 4.5
where X  = 13C or 18O and R = 13C/12C or 18O/16O, respectively.  The standard for the
d13C and d18O of minerals is the Pee Dee Belemnite (PDB).
4.4.2   Carbon and nitrogen isotope ratios in the organic fraction of eggshells
For isotope analysis of the organic fraction, 5 to 6 mg of cleaned eggshell was dissolved
in a silver capsule (9 mm ¥ 5 mm) with 3 ¥ 20 mL lots of constant boiling 6 N HCl.
The acid was evaporated at room temperature under a fume hood for at least 48 hours,
then for at least 24 hours under N2 in an oven at 50 ºC.  The desiccated residue was
flash combusted in an oxygen atmosphere at 1020 ºC in a Carlo-Erba EA 1108
elemental analyser.  Then, under a flow of He the sample is sequentially passed through
oxidation and reduction columns (quartz, c. 40 cm length).  The oxidation column is
packed with layers of cupric oxide (oxidises hydrocarbons), chromium oxide (III)
(combustion catalyst) and silver wool (to remove sulfur and halides).  The remaining
gases (N2, NOx, H2O, O2, and CO2) flow to the reduction column (650 ºC).  The
reduction column is packed with copper wire between layers of quartz chips, and
converts NOx to N2.  Following oxidation/reduction, the sample is desiccated in a
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magnesium perchlorate water trap then passed through a column for chromatographic
separation of gases according to their molecular weight.  The separated gases are
transferred on-line via a ConfloII (or III) interface to a Finnigan Delta Plus XL mass
spectrometer for determination of isotope ratios.  Carbon isotope ratios are calculated as
described above.  The international standard for nitrogen isotope ratios (d15N) is
atmospheric N2, (AIR).  The ratio of 
15N/14N is calculated by measuring masses 28 and
29.  The 15N/14N ratio is the sum of the voltage measured for both isotopomers of mass
29 (i.e. 15N14N, 14N15N) divided by the mass 28 voltage (i.e. 14N14N), all divided by two.
4.5 RADIOCARBON CHRONOLOGICAL CONTROL
All radiocarbon ages determined during the course of this research were obtained on
cleaned eggshells submitted to the ANSTO (Lucas Heights, Sydney) accelerator mass
spectrometer radiocarbon laboratory (code OZ).  Preparation of eggshells for
radiocarbon dating was identical to that for amino acid analyses (except the acid etch
was increased to remove 50 % of the eggshell calcite).  Radiocarbon assays were
performed on the CO2 evolved from acid digestion of eggshell calcite.  Conventional
radiocarbon ages (BP, with 1950 as the base year) are reported corrected for isotopic
fractionation.  Conventional ages were converted to calendar years (cal years BP) using
CALIB 4.3 (Stuiver & Reimer, 1993).  Where multiple calibrated ages were obtained a
unique solution was defined as the median of the 1s age range.  This method of
defining unique calendar ages has been used by previous researchers (e.g. Oches et al.,
1996, Kaufman, 2003).  Where conventional ages exceeded 18,000 years BP the
following polynomial of E. Bard (G.H. Miller personal communication) was used to
estimate calendar age:
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Calibrated age = -5.85*10-6(age2) + 1.39*(age) - 1807 Eqn. 4.6
4.6 STATISTICS, DATA STORAGE AND PRESENTATION
All data were stored in Excel v. X (Microsoft Corporation, academic version, Redmond,
WA, USA) spreadsheets.  All graphs were produced using Igor Pro v. 4.07 Carbon
(WaveMetrics, Lake Oswego, OR, USA), and all statistical analyses were performed in




Reconstructing Quaternary Environments of Tropical
Australasia using Stable Isotopes and Amino Acids in
Casuarius Eggshells
[In New Guinea there are] … cassowaries which have bodies almost as big as
ostriches, but which look as though they were clad in frayed clothes-lines rather than
ostrich plumes.  When it is small the cassowary is sometimes caught by the native and
tamed.  It is scarcely a safe pet to have about, for it will swallow anything in sight from
a stray spoon or a pound of nails to a pup or kitten, and a kick from it when angry will
break the skull of a ten-year-old boy.
Carpenter (1926, p. 189)
5.1 INTRODUCTION
Research on the stable isotope and amino acid biogeochemistry of avian eggshells from
Quaternary sequences has focused almost exclusively on specimens from landscapes
that are either semi-arid/arid or feature vegetation communities comprising plants that
use the C3 and C4 photosynthetic pathways (Fig 5.1).  The focus on eggshells from
these landscapes reflects (1) the biogeography of the birds whose eggshells are the
subject of these studies, (2) a preservation bias in the geological record of these areas
and (3) the conduciveness of these settings to palaeoenvironmental reconstructions
using stable isotope analyses.  The oxidising nature of depositional environments in
which precipitation is less than evaporation biases the geological record against the
preservation of organic remains such as pollen and collagen.  Biomineral and organic
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Figure 5.1 Location of sites where the amino acid and/or stable isotope biogeochemistry of eggshells
from Quaternary deposits has been used for chronological control and palaeoenvironmental
reconstructions.  Mean annual rainfall (adapted from Fig 10.2 of McGregor & Nieuwolt, 1998) is
presented in (a) and the distribution of C4 grasses in savanna ecosystems (adapted from Fig 8 of
Ehleringer & Cerling, 2001) is presented in (b).  Sites where eggshell amino acid (circles) and stable
isotope (squares) analyses have been employed are indicated (diamonds indicate where both analyses
have been applied).  Sites are (1)  Elands Bay, (2) Boomplaas Cave, (3) Klasies River Mouth, (4) Apollo
11, (5) Equus Cave, (6) Border Cave, (7) ≠Gi, White Paintings Shelter, (8) Ishango, (9) Olduvai, (10) Bir
Tarfawi, (11) Southern Levant, (12) Himalayan foothills, (13) Wood Hill, and (14) Lake Eyre.
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residues of fossils such as tooth enamel, mollusc shells and avian eggshell are some of
the few biological samples suitable for stable isotope analyses preserved in Quaternary
sequences from arid environments.  Amino acid racemisation is useful in these settings
because many of the events of interest (e.g. evolution of modern people, megafauna
extinction) took place in these landscapes more than 50,000 years ago and are therefore
beyond the range of the radiocarbon dating technique.
Previous reconstruction of palaeoenvironments with the carbon, oxygen and nitrogen
isotope ratios of eggshells have hinged on several key mechanisms.  In semi-arid/arid
settings, trees and shrubs primarily use the C3 photosynthetic pathway and grasses use
the C4 pathway (Ehleringer & Cerling, 2001).  Because C3 and C4 plants discriminate
against the assimilation of 13C to differing degrees (O'Leary, 1981) carbon isotope
analyses of the tissues of indiscriminant herbivores (e.g. Dromaius and to a lesser
degree Struthio) can provide important information on the vegetation structure of
woodlands/grasslands that may in turn be interpreted in terms of climate.  It has been
hypothesised that the physiological responses to water and protein stress in dry
environments are reflected in the nitrogen isotope ratios of an organism’s protein-rich
tissues (Ambrose & DeNiro, 1987), and the nitrogen isotope ratio of plants is negatively
correlated with rainfall (Handley et al., 1999).  Due to these controls nitrogen isotope
analyses on ratite eggshells have been promoted as a measure of ‘environmental stress’
(Johnson et al., 1998).  The productivity of oxygen isotope analyses of Quaternary
avian eggshell calcite have been complicated by the effect of evaporation on the 18O
content of surface water and leaf water, two key oxygen influxes in arid-adapted
herbivores.  From these sources 16O is preferentially evaporated, enriching the residual
water in 18O to varying degrees.  Consequently, the variability in the d18O values of
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eggshells is large and climatically driven changes in the d18O of the hydrological cycle
may be masked.  It is for this reason that the use of the d18O values of eggshells for
palaeoenvironmental reconstructions has been limited (Johnson et al., 1997, Lee-Thorp
& Talma, 2000).
5.2 RESEARCH AIMS
Casuarius is a ratite that inhabits the humid rainforests of tropical Australasia.  Plants
that use the C3 photosynthetic pathway dominate this habitat, rainfall is high (although
often highly seasonal) and evaporation is reduced by high humidity.  In terms of
contexts for stable isotope analyses these three features contrast directly with the
settings that have dominated previous investigations of isotope ratios in ancient
eggshells.  The analysis of Casuarius eggshells therefore presents the opportunity to
expand the contexts in which eggshell isotope ratios have been used for
palaeoenvironmental reconstructions into a novel ecological/climatic setting.
The analysis of amino acids in Casuarius eggshells also presents the opportunity to use
isoleucine epimerisation to model long-term temperature change in a low latitude
setting and to investigate the ability of the reaction to refine the chronology of the
archaeological sequences from which the eggshells are recovered.  The near-equatorial
setting differentiates the long-term insolation dynamics of Casuarius habitat from the
mid-latitude sites at which temperature change has been investigated using amino acids
in ratite eggshells (Lake Eyre, Fig 5.1).  There exists an opportunity for temperature
records from lowland sites in equatorial settings to address the long-standing contrast
between the subtle temperature depression postulated for the tropical oceans (CLIMAP
Project Members, 1976) and more dramatic cooling inferred from tropical geological
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archives at high altitude sites (Webster & Streten, 1978) during the Last Glacial
Maximum.
The aims of this chapter are therefore (1) to determine the extent of isoleucine
epimerisation in ancient Casuarius eggshells and interpret these results in terms of time
and temperature, and (2) to examine the carbon, oxygen and nitrogen isotope ratios of
these eggshells in the context of this novel setting, with the additional aim of
reconstructing aspects of the birds’ prehistoric habitat.
5.3 THE NORTHERN AUSTRALASIA STUDY REGION
To place the study of both Casuar ius (and megapode eggshell, Chapter 6)
biogeochemistry in a geographical context, the vegetation, sea-level and human
prehistory of northern Australasia are described here.  The basic elements of the modern
climate system are also illustrated but the prehistory of this system is addressed more
fully later in the chapter.
5.3.1   Climate
The study region is loosely defined as the landmasses and islands of Australia, Papua
New Guinea and Indonesia between latitude 15ºS and the equator, between longitudes
130 and 150ºE.  Much of the climate of this region is characterised by pronounced wet
and dry seasons.  Throughout the region, highest rainfalls are observed from December
to March and the driest months are May, June and July (with the exception of the New
Guinean highlands where precipitation seasonality is minimal).  The wet season rains
are the result of the passage of warm air over the Indonesian maritime continent drawn
over the region by a strong thermal low over Australia.  During the dry season stable
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and dry South Pacific air masses proceed in a westerly direction over the region.  At this
time of year rainfall is largely restricted to areas of orographic convection along the
coasts of Queensland and southern New Guinea (McGregor & Nieuwolt, 1998).
The chief inter-annual climatic perturbations are tropical cyclones (Nix & Kalma, 1972)
and El Niño/La Niña events (Hobbs, 1998).  Tropical cyclones are intense low pressure
systems characterised by strong winds and intense rainfall that generate over warm seas
(> 26  ºC).  The intensity of cyclones typically weaken with passage over land and they
can be important sources of precipitation for inland Australia.  An El Niño event is a
disruption to the Walker Circulation.  The Walker Circulation is driven by the
convection of air over the Indonesian maritime continent transported by upper
atmospheric circulation across the Pacific.  The easterly trade wind is generated by the
subsidence of this air mass along the South American coastline and this forces the cold
Peruvian current to upwell.  During an El Niño event the eastern arm of Walker
Circulation convection migrates eastward resulting in storms over the central Pacific,
warm sea surface temperatures and flooding along the South American coast, and
drought conditions in Australasia.  Periods of enhanced Walker Circulation are termed
La Niña events and are associated with increased rainfall in Australasia.  In the present
climate the average time between El Niño events is four years with a range between two
and ten years (Bryant, 1991, McGregor & Nieuwolt, 1998).
Due to the large influx of solar insolation received in equatorial regions the tropics are
the ‘engines’ of general atmospheric circulation.  The heat resulting from this energy is
transferred to the general circulation system by the evaporation and transpiration of
water originating from tropical seas and forests (McGregor & Nieuwolt, 1998).  The
CASUARIUS EGGSHELLS FROM TROPICAL AUSTRALASIA      131
regions to the immediate west of the northern Australasian study region are home to the
Western Pacific Warm Pool.  This feature is of particular importance because a large
proportion of heat and moisture is transferred from the ocean to the atmosphere via the
warm pool (De Deckker, 1997).  Across northern Australasia, cloudiness controls mean
annual insolation and consequently insolation increases with decreasing altitude and
increasing latitude from a minimum in the New Guinean highlands.  Mean annual
temperature regimes follow the same trend and exhibit summer highs and winter lows
with some stations featuring depressed late wet season temperatures due to cloudiness
(Nix & Kalma, 1972, McGregor & Nieuwolt, 1998).
5.3.2   Vegetation dynamics
New Guinea’s vegetation can be broadly described as stratified by altitude, with
lowland rainforest occurring from sea level up to 1000 m, lower montane rainforest
from 1000 m to 3000 m, upper montane rainforest from 3000 m to 3800 m and tropic-
alpine grassland from 3800 m to the snowline at 4500 m.  Tree-fern grassland occupies
a narrow band at the upper reaches of the upper montane rainforest (Flenley, 1996).
Sclerophyll open woodlands dominate much of northern Australia with rainforest
patches occurring in areas of high rainfall.  These patches range from the structurally
complex closed forests in high rainfall areas, such as the coastal escarpment of northern
Queensland, to semi-evergreen and deciduous thickets and forests where the seasonal
distribution of precipitation is strongly bimodal (Hiscock & Kershaw, 1992). The last
30,000 years of the Lynch’s Crater (Atherton Tableland, north Queensland) pollen
sequence depicts the dominance of sclerophyll trees over those typical of rainforest
vegetation during the Pleistocene, and a subsequent increase in the abundance of
rainforest angiosperms during the Holocene (Turney et al., 2001b).  The palynological
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record from Lake Carpentaria attests to the expansion of open woodland across the
Carpentarian Plain during times of low sea level (Chivas et al., 2001).  In New Guinea
the distribution of pollen records is biased towards mid and high-altitude sites and their
records are typified by altitudinal depression of vegetation communities in accord with
depression of the snow-line during the LGM (Hope, 1989).
5.3.3   Human occupation
There is a long history of human occupation and anthropogenic landscape alteration
throughout the study region.  The oldest evidence for the occupation of northern
Australasia by people comes from Malakunanja II and Nauwalabila I (Roberts et al.,
1990, Roberts et al., 1994).  In these Arnhem Land sites, the deposition of the oldest
artefacts is dated by optically stimulated luminescence (OSL) to 55,000 ± 2000 and
57,000 ± 3000 years, respectively.  The earliest evidence for people in Cape York
Peninsula comes from Ngarrabullgan Cave, located near Hay Cave (see Chapter 6).
These sites feature basal radiocarbon ages of approximately 35,000 and 30,000 BP,
respectively (David et al., 1997, David & Lourandos unpublished data).  The ages for
early occupation of northern Australia are comparable with those that indicate the initial
occupation of sites farther south (Turney et al., 2001a) but appear to pre-date the arrival
of people in New Guinea.  Groube et al. (1986) recovered waisted axes from the Huon
Peninsula at least 40,000 years old.  The radiocarbon ages obtained on Casuarius
eggshells from Toé Cave as part of this research attest to the presence of people in the
lowland rainforests of Papua during the Pleistocene (Pasveer et al., 2002).
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5.3.4   Changing sea-levels
Chappell (2000) has suggested that the migration of people into northern Australasia
most likely took place at times of rising sea level for it is during these periods that
coastal resources are most plentiful and the use of watercraft most productive.  Around
the time of initial occupation, sea level was approximately 55 to 70 metres below the
present level, exposing much of the Sunda and Sahul shelves and permitting dry land
passage across South East Asia and an ocean voyage between about 45 and 80 km to
reach Australasia, depending on the route (Mulvaney & Kamminga, 1999).  During
times of low sea level the shallow floor of the Arafura Sea, Gulf of Carpentaria and
Torres Strait were exposed uniting New Guinea, mainland Australia and Tasmania as a
single landmass, and Lake Carpentaria formed in the deepest reaches of the present Gulf
of the same name (Torgersen et al., 1983).  At this time the Aru Islands (one of the
study sites in this chapter) were small plateaux on the western edge of the Carpentarian
Plain.
5.3.5   Anthropogenic landscape change
The close correlation between the arrival of people and the extinction of the
Australasian megafauna has led researchers to identify these two elements as cause and
effect.  Until recently the youngest ages for the late-survival of megafauna were less
than 40,000 radiocarbon years BP (e.g. Seton rock shelter (Hope et al., 1977), Cuddie
Springs (Field & Boles, 1998)).  However, recent efforts to generate chronological
control independent of radiocarbon ages for the late-survival of megafauna on regional
scales have suggested these ages should be revised.  Supported by use of the extent of
isoleucine epimerisation in Genyornis eggshells as a proxy for sample age, Miller et al.
(1999b) placed the timing of Genyornis extinction at 50 ± 5 ka.  Roberts et al. (2001)
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examined the OSL signal of sediments adhering to megafauna bones from contexts
where reworking could be reasonably dismissed to place the extinction event at about
46 ka.
As well as megafauna extinction, people have been implicated in the alteration of
vegetation communities by the use of fire.  Revised radiocarbon ages place the onset of
high fire activity attributed to people at Lynch’s Crater at approximately 47 ka (Turney
et al., 2001b).  Within the range of known human occupation of New Guinea the
earliest increase in charcoal deposition that can be tentatively attributed to the activities
of people is observed at a number of highland sites at approximately 35 ka (Haberle et
al., 2001).  Haberle et al. (2001) identified distinct phases of increased fire activity in
cores throughout New Guinea.  High charcoal concentrations were observed during the
post-glacial and the ENSO climate of the last 5,000 years: at times of climate change or
instability.  From this correlation, these authors suggested that fire regimes did not
solely reflect the activities of people.  Instead, they proposed that climate variability
promotes changes in community composition possibly towards more fire susceptible
vegetation.  Johnson et al. (1999) interpreted the carbon isotope ratios in Dromaius
eggshells from central Australia in terms of the vegetation they consumed.  From
changes in the eggshell isotope ratios, these authors suggested that C4 grasses declined
in abundance over time.  Furthermore, it was hypothesised that the vegetation change
resulted from ‘firestick farming’ by early Australians, and reduced the feedback of
moisture via evapotranspiration to monsoonal cloud masses as they penetrated inland.
The weakened regime resulted in a Holocene monsoon of reduced intensity relative to
that of the Last Interglacial.
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5.4 THE CASSOWARY AND ITS EGGSHELL
There are three extant species of cassowary: the Dwarf Cassowary (Casuarius
unappendiculatus), Bennet’s Cassowary (C. bennetti) and the Southern Cassowary
(C. casuarius).  All three species inhabit New Guinea but only the subspecies C.
casuarius johnsonii is found in Australia.  C. casuarius stands approximately 1.5 –
1.7 m tall and can weigh over 55 kg, with females being slightly larger than males
(Crome, 1975, Marchant & Higgins, 1990).  A female will commonly lay a clutch of
three or four eggs per season that are incubated by the male.  The eggs are
approximately 135 mm long by 95 mm wide and feature a pea-green ‘embossed’
surface texture on a pale green background (Beruldsen, 1980, Marchant & Higgins,
1990).  Like C. casuarius, C . unappendiculatus and C. bennetti have black, shaggy
plumage that is absent from the neck and head.  The three species are distinguished by
their casques and neck wattles. C. casuarius has a double-wattle and vertical casque
(Fig 5.2).  C. unappendiculatus has a reduced casque and a small skin fold in the middle
of the neck and two folds at the base of the beak.  C. bennetti is the smallest of the
cassowaries, lacks wattles and features the most reduced casque (Grzimek, 1972).
Fragments of Casuarius eggshell accumulate in rockshelter and cave deposits as the
remnants of meals consumed by people.  During historic times the native people
inhabiting the rainforests of tropical Australasia harvested Casuarius eggs as part of
their traditional subsistence regimes (Harris, 1978, Pernetta, 1989).  The presence of
Casuarius eggshell in stratified archaeological sequences across New Guinea (Gillieson
& Mountain, 1982, Pernetta, 1989, Jelsma, 1998, Pasveer & Aplin, 1998) suggests that
this practice has been taking place for thousands of years.
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Figure 5.2 The Southern Cassowary, Casuarius casuarius (after Simpson & Day, 1996).
Morphologically, Casuarius eggshells consist of four layers: the mammillary layer,
massive squamatic zone, cavernous outer squamatic zone and textured outer surface,
with pores interrupting the lateral homogeneity (Figs 5.3 and 5.4).  The cavernous outer
squamatic zone and surface texture differentiate Casuarius and Dromaius eggshells
from those of other ratites (Mikhailov, 1997).  Casuarius eggshells can be distinguished
from those of Dromaius by their pigmentation.  Modern Casuarius eggshell pigments
are green while those of Dromaius are black or dark blue/green.  However, the pigments
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rapidly degrade rendering this approach to sample identification inappropriate for
prehistoric samples.
Figure 5.3 Scanning electron microscope image of modern C. casuarius eggshell.  Indicated is (a) the
fibrous eggshell membrane, (b) mammillary or cone layer, (c) massive squamatic zone, and (d) cavernous
outer squamatic zone.  The scale bar is 500 mm.  Image obtained by the author.
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Figure 5.4 Casts of Casuarius eggshell pores (Tyler & Simkiss, 1959, Fig 4).  There are a variety of
pore morphologies including single and multiple channel pores as well as triangular pores that become
broaden near the eggshell outer surface.  The images are orientated with the outside of the eggshell
towards the top of the page.
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5.5 MATERIALS, METHODS AND SITES
The spatial context of research into the biogeochemistry of ancient Casuarius eggshells
is necessarily limited by the past and present biogeography of the genus within the
rainforests of tropical Australasia.  Furthermore, because Casuarius nesting sites are not
conducive to the preservation of eggshells over geological time their eggshells can only
be recovered from contexts in which people transported the eggshells to occupation
sites enabling the fragments to become incorporated into the archaeological record.
Reflecting these restrictions, biogeochemical analyses were conducted on Casuarius
eggshells from archaeological sites in two localities, the Ayamaru Plateau of the Bird’s
Head, West Papua (formerly Irian Jaya), Indonesia, and the Aru Islands, Indonesia (Fig
5.5).  Access to Casuarius eggshells from the Ayamaru Plateau and Aru Islands were
provided by Juliette M. Pasveer and Sue O’Connor, respectively.
5.5.1   Ayamaru Plateau sites
Toé and Kria were excavated by J. Jelsma and J.M. Pasveer, respectively, in June-
August 1995 as part of the Indonesian-Dutch ISIR (Irian Jaya Studies, A Programme for
Interdisciplinary Research) investigation into the archaeology of the Bird’s Head.  The
site descriptions provided here come primarily from the initial excavation reports by
Jelsma (1998) and Pasveer (1998).  Published reports for the sites include the work of
Pasveer and Aplin (1998) on palaeoecological insights obtained from the analysis of
faunal remains, the review of terrestrial vertebrate remains by Aplin et al. (1999), and
the amalgamation of the radiocarbon ages and A/I values obtained on Casuarius
eggshells as part of this research with previous radiocarbon ages (Pasveer et al., 2002).
The doctoral thesis of Pasveer (2003) provides a comprehensive account of the
archaeology and palaeontology of both Toé and Kria Caves.
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The Ayamaru Plateau is situated at an average elevation of 350 m above sea level,
latitude 1º15’south, longitude 132°15’ east.  The region experiences a mean annual
rainfall of 4000 to 5000 mm that is distributed evenly throughout the year and has a
mean annual temperature of 25 ºC.  The landscape is karst, typified by low relief (c. 50-
100 m) conic limestone hills featuring caves and rock shelters.  The plateau features an
internally-draining interconnected lake system fed by local tributaries, and except where
interrupted by settlements and garden clearings, the district is vegetated by dense
lowland rainforest.  Both Toé and Kria Cave are limestone caves located close to the
Ayamaru Lakes.  Toé Cave is located within a limestone hill that juts into the largest
lake, Ayamaru.  Kria Cave is also situated within a low hill and is located
approximately 5 km northeast of the most easterly lake, 15 km from Toé Cave (Fig 5.6).
5.5.2   Toé Cave
Four 1 m2 squares were excavated at one of the entrances to Toé Cave.  Eggshells from
square 2N1E (located against the northeastern wall) were analysed.  This square was
selected to integrate results with two pieces of Casuarius eggshell that had previously
been radiocarbon dated.  These and other radiocarbon ages for the site are presented in
Table 5.1.  Although potentially truncated at c. 80 cm depth, compared with the other
squares, the degree of bone burning and chert heating was lowest in 2N1E (Pasveer,
2003), making it the most promising square for the analysis of ‘unburnt’ eggshell
fragments.  The faunal remains in 2N1E exhibit the contrast of montane species in the
lower excavation units and lowland species in the upper units apparent in all excavation
squares, but 2N1E lacks the transition zone present in the other squares due to
truncation of the sequence (Pasveer & Aplin, 1998).  Casuarius eggshell is distributed
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from the base of the profile (110 cm) to a depth of approximately 30 cm.  Fragments of
megapode eggshell were also recovered from the sequence.
Figure 5.6 Location of Toé and Kria Caves near the Ayamaru Lakes, central Bird’s Head, West Papua




   0                     5 km





CASUARIUS EGGSHELLS FROM TROPICAL AUSTRALASIA      143











(years BP, ± 1s)
Calibrated age
(cal years BP)a
1S0E 35 – 40 Bone -20.1 OxA 6201 2930 ± 65
3210 – 2960
(3080)
1S0E 45 – 50 Charcoal -25.3 OxA 6223 220 ± 70 310 – 0 (290)
1S0E 60 – 65 Charcoal -28.7 OxA 6224 110 ± 55 270 – 0 (140)
1S0E 65 – 70 Charcoal -25.7 OxA 6046 240 ± 40
310 – 150
(290)
1S0E 120 – 125 Casuarius eggshell -12.4 AA-32920 10150 ± 65
12090 – 11580
(11830)
2N1E 25 – 30 Casuarius eggshell -14.6 AA-32921 5290 ± 75
6180 – 5940
(6060)
2N1E 60 – 65 Casuarius eggshell -15.1 AA-33404 8860 ± 70
10150 – 9780
(9970)
2N1E 80 – 85 Casuarius eggshell -12.4 AA-33405 12870 ± 110
15730 – 14940
(15500)
2N1E 80 – 85 Casuarius eggshell -12.8 AA-33406 12885 ± 90
15740 – 15010
(15520)
aMaximum – minimum (unique calendar age), ± 1s range.
5.5.3   Kria Cave
Kria Cave is a large rock shelter the front of which is covered by trees and slopes away
steeply.  Two 1 m2 squares, 0N0E and 1N1E, were excavated in 5 cm levels to depths of
235 cm and 190 cm, respectively.  Bedrock lies 20 to 30 cm below the deepest
excavation unit in both squares.  Eggshells from 0N0E were selected because
chronological control was more developed for this excavation square.  From
radiocarbon ages obtained on animal bones and charcoal (Table 5.2) it is estimated that
the base of the excavation was deposited more than 8,000 years ago.  The presence of
pottery and Sus scrofa bones indicate occupation of the site in the Late Holocene.  The
majority (80 to 90 %) of faunal remains are those of forest wallabies (Dorcopsis spp.).
A total of 24 g of eggshell were excavated from square 0N0E.  Both megapode and
Casuarius eggshells were encountered.  This is important for biogeochemical analyses
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because it enables a cross check of results between two of the eggshell taxa under
investigation.  The co-occurrence of the different eggshell types at Kria Cave is more
significant than at Toé Cave because, although Casuarius eggshell is abundant at both
sites, megapode eggshell occurs commonly at Kria Cave only.
Table 5.2 Kria Cave radiocarbon ages (Pasveer et al. 2002).







(years BP, ± 1s)
Calibrated age
(cal years BP)a
1N1E 10 – 15 Bone -23.3 OZE 542 > 1840 ± 40
> 1820 – 1710
(> 1770)
0N0E 50 – 55 Bone -25.8 GrA 9100 4370 ± 50
5030 – 4860
(4950)
0N0E 75 – 80 Charcoal -25.7 GrA 6310 4970 ± 60
5840 – 5610
(5730)
0N0E 100 – 105 Bone -26.5 GrA 9101 5690 ± 50
6530 – 6410
(6470)
0N0E 110 – 115 Charcoal -25.7 GrA 6312 420 ± 60
520 – 340
(500)
0N0E 125 – 130 Bone -25.8 GrA 9102 5940 ± 50
6850 – 6680
(6760)
0N0E 165 – 170 Charcoal -26.2 GrA 6313 260 ± 60
430 – 150
(300)
0N0E 170 – 175 Bone -25.0 GrA 9103 6760 ± 50
7670 – 7570
(7620)
1N1E 155 – 160 Charcoal -26.4 OxA 6043 6900 ± 80
7790 – 7670
(7690)
aMaximum – minimum (unique calendar age), ± 1s range.
5.5.4   Identification of Ayamaru Plateau eggshells
The ratite eggshells from Papua are confidently assigned to the genus Casuarius.  The
eggshells are approximately 2 mm thick, feature the embossed surface texture
characteristic of Casuariiforme eggshells, and Casuarius is the only ratite that occurs on
New Guinea.  However, identification to species is problematic.  The area is currently
inhabited by C. casuarius and C. unappendiculatus and the remains of C. bennettii have
been identified in the sites from which the eggshell were obtained (Aplin et al., 1999).
As there is no means of assigning Casuarius eggshells to species it is possible that one
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or more of the three species of Casuarius are represented in the eggshell collections.  It
is therefore necessary to assume that the factors controlling the eggshell
biogeochemistry of all Casuarius species are shared.  Similarly, identification of the
megapode eggshells excavated from the Ayamaru Plateau caves to species is not
presently possible.  Megapode genera that inhabit the area or have been identified
amongst the archaeofaunal remains include Megapodius, Talegalla and Aepypodius
(Aplin, 1998, Aplin et al., 1999).
The sequences from Toé and Kria Caves together provide a sequence of eggshells
ranging from at least 15,000 cal years BP to the Late Holocene.  Analysis of the
archaeofauna has revealed a significant change in the faunal composition of the
surrounding rainforest over time from montane to lowland species (Pasveer & Aplin,
1998).  There is thus interest in the ability of Casuarius eggshell amino acid analyses
and radiocarbon ages to provide chronological control for the sequences and for amino
acid palaeothermometry and stable isotope analyses to further elucidate the dynamic
palaeoenvironments of the Ayamaru Plateau, perhaps identifying the forces responsible
for the faunal change.
5.5.5   Aru Island sites
The Aru Islands are located on the edge of the now-submerged Carpentarian Plain
(Fig 5.7) and have a combined area of approximately 10,200 km2 and maximum
elevation of 80 m above sea level (Spriggs et al., forthcoming-a).  The major islands are
separated by narrow sea channels known as ‘sungai’.  Moist environments are inhabited
by rainforest/vineforest, drier environments by savannah (O'Connor et al., forthcoming-
b).  Eggshells from two sites, Liang Lemdubu and Liang Nabulei Lisa, are analysed
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here.  These sites and many others were investigated as part of an archaeological survey
of the area, the goals of which were to identify long, continuous sequences recording
the prehistory of people amongst the Aru Islands (Spriggs et al., forthcoming-b).
Reports on the findings of these expeditions are works in progress.  Hence, there are
several references to unpublished manuscripts throughout this chapter.
5.5.6   Lemdubu
Liang Lemdubu and Liang Nabulei Lisa were excavated in November 1996.  Lemdubu
is a cave situated in the western interior of Palau Kobroor, one of the larger islands in
the archipelago (Fig 5.7).  The site is a double-entranced limestone cave located about
25 m above present sea level, a high point in the local landscape.  It is 30 m long, up to
8 m wide and has an average height of 3 m.  The site is surrounded by rainforest with
sago swamps and small gardens nearby.  Two 1 m2 squares, A and C, were excavated in
the cave sediments using 5 cm excavation units.  Only eggshells from square C were
analysed.  Both squares were rich in faunal remains but C featured a deeper sequence
than A.  Eggshells were bimodally distributed within the 160 cm profile between 80-
100 cm and from 30 cm to the surface.  From the radiocarbon ages presented in Table
5.3 it is estimated that the more deeply buried Casuarius eggshells were deposited
approximately 20,000 years ago and that those from the upper sequence were deposited
during the Late Holocene.
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(years BP, ± 1s)
Calibrated age
(cal years BP)d
2 5 – 10 Charcoal -24.0 ANU 10782 1830 ± 60
1860 – 1630
(1750)
3 10 – 15 Charcoal -24.0 ANU 10794 1100 ± 160
1060 – 940
(1000)
5 25 – 30 Geliona shell -10.7 ANU 10792 11700 ± 130
13740 – 13020
(13160)
5 20 – 25 Celtis seed OZF 356 9420 ± 50
10730 – 10560
(10650)
7 30 – 35 Celtis seed OZF 358 9270 ± 60
10560 – 10290
(10420)
8 35 – 40 Celtis seed -16.9 OZD 701 8170 ± 60
9260 – 9030
(9140)
10 45 – 50 Celtis seed OZF 357 9260 ± 60
10550 – 10290
(10420)
17 85 – 90 Geloina shell -5.8 OZD 460 16570 ± 510
20420 – 19090
(19750)
19 95 – 100 Geloina shell -5.0 OZC 776 17750 ± 450
21720 – 20500
(21110)
19 95 – 100
Casuarius
  eggshell
















Flowstone — 27020 ± 290
aIn addition to the dates reported here an ESR date of 18,800 ± 2300 years (linear uptake model) was
obtained on a tooth representing human remains distributed across excavation units 18 – 23.
bAll analyses are radiocarbon dates with the exception of two flowstone U-series dates at the base of the
sequence.
cValue assumed.
dMaximum – minimum (unique calendar age), ± 1s range.
5.5.7   Nabulei Lisa
Like Lemdubu, Nabulei Lisa is a limestone cave with two entrances and is located on
Palau Kobroor.  The site is positioned in the north of the island about 35 km northeast
of Lemdubu (Fig 5.7).  Nabulei Lisa is located approximately 30 m from the nearest
sungai and is about 30 m above sea level.  The site was excavated in 1997 at a position
about 2 m inside the dripline of the northern entrance.  A single 1 ¥ 1 m square was
excavated in units averaging 2 cm depth and ranging between 1 and 4 cm.  Casuarius
eggshells were distributed between 20 and 90 cm in the c. 125 cm deep excavation.
Radiocarbon ages for the sequence span the Holocene: modern and Late Holocene
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radiocarbon ages were obtained on charcoal from the upper 25 cm, Mid Holocene ages
were obtained just below this depth, and Early Holocene dates were obtained on various
materials between 65 cm depth and the base of the excavation (Table 5.4).













(years BP, ± 1s)
Calibrated age
(cal years BP)a
3 10.0 Charcoal ANU 10918 Modern Modern
5 13.0 Charcoal ANU 10921 830 ± 150
930 – 650
(730)
10 27.5 Charcoal ANU 10919 Modern Modern
12 33.0 Terebralia sp. ANU 10906 5140 ± 70
5990 – 5850
(5920)b
23 61.0 Terebralia sp. ANU 10905 6610 ± 140
7560 – 7290
(7420)b
26 71.0 Celtis sp. seed OZF 030 8510 ± 50
9530 – 9490
(9530)
26 71.0 Celtis sp. seed -20.4 OZD 696 9320 ± 60
10640 – 10430
(10530)
26 71.0 Nerita shell ANU 10907 4410 ± 60
5210 – 4870
(5040)
26 71.0 Casuarius eggshell -16.0 AA-32849 10460 ± 75
12800 – 12170
(12480)





  misoolensis shell





  misoolensis shell
-26.9 OZD 699 9870 ± 70
11900 – 11330
(11620)b
31 84.0 Celtis sp. seed -27.0 OZD 700 9450 ± 60
11040 – 10580
(10810)
36 99.0 Celtis sp. seed -15.6 OZD 702 9850 ± 60
11260 – 11200
(11230)
41 115.0 Celtis sp. seed OZF 362 7150 ± 50
8010 – 7880
(7960)
aMaximum – minimum intercepts (unique calendar age), ±1s range.
bReservoir correction of -450 years applied.
5.5.8   Identification of Aru Islands eggshells
Casuarius casuarius aruensis is the subspecies that inhabits the Aru Islands at present
(Grzimek, 1972).  The presence of this large flightless frugivore on the Aru Islands is
presumably the result of dispersal from New Guinea over a former land bridge: it is also
possible that the bird was introduced to the archipelago by people.  It is to this species
150      CASUARIUS EGGSHELLS FROM TROPICAL AUSTRALASIA
that the eggshells from Lemdubu and Nabulei Lisa are assigned.  The morphology of
the Aru Islands eggshells is similar to those of the Ayamaru Plateau (i.e. approximately
2 mm thick with an ‘embossed’ surface texture).  The Aru Islands were joined via a land
bridge to the Australian continent during the Pleistocene on which Dromaius
novaehollandiae is now abundant and widespread.  During the Pleistocene the region
was host to open woodlands, a habitat of Dromaius, thus it is possible that people
harvested the eggs of this bird at this time.  However, the carbon isotope ratios of the
eggshells do not support attributing the eggshells to Dromaius: the eggshell d13C values
are in accordance with C3 vegetation consumption and not the isotopically heavier
values expected of an open woodland bird.
5.6 METHODS
The Casuarius eggshells from the Ayamaru Plateau and Aru Islands archaeological sites
were subjected to both amino acid and stable isotope analyses.  The methods are
described here and the results of the amino acid analyses are considered in Sections 5.7,
5.8 and 5.10, and the stable isotope results are considered in Sections 5.11 and 5.12.
5.6.1   Amino acid analyses
The methods used to determine the extent of isoleucine epimerisation in Casuarius
eggshells follow those described in Chapter 4.  To isolate the protein residues of the
squamatic layer the outer surface of samples (including the cavernous outer layer) was
removed with a rotary drill.  Amino acid analysis of megapode eggshells was conducted
in the same manner as Casuarius eggshells.  However, megapode eggshells are fragile
owing to their thin (< 1.0 mm) cross section.  For this reason preliminary cleaning of the
eggshell surface was achieved by sonic-washing in distilled water and not by abrasion.
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5.6.2   Heating experiments
To simulate the diagenesis of protein residues at environmental temperatures over
thousands of years, fragments of a modern C. casuarius johnsonii eggshell laid by a
captive bird from Wildworld, a wildlife park near Cairns, Australia, were heated as
described in Chapter 4 then analysed as described above.
5.6.3   Stable isotopes
Methods used to clean Casuarius eggshells for stable isotope analyses were identical to
those described for amino acid analyses and the methods used to analyse isotope ratios
followed those described in Chapter 4.
5.6.4   Radiocarbon ages
Methods used to prepare eggshells for submission for radiocarbon and the protocols
used to convert conventional ages into calendar ages are described in Chapter 4.
5.7 RESULTS
5.7.1   Isoleucine epimerisation under controlled conditions
Results on the extent of isoleucine epimerisation in Casuarius eggshell fragments
heated at high temperatures are depicted in Figure 5.8 and listed in Table 5.5.  In
modern eggshell A/I = 0.025.  The highest A/I value observed was about 1.2 and this is
in accord with the suggestion that the equilibrium is attained at A/I ≈ 1.3 (Williams &
Smith, 1977).  The pattern of isoleucine epimerisation at high temperature in Casuarius
eggshell conforms to the model described by Kriausakul & Mitterer (1980) that
identifies two phases during which the reaction approximates first-order kinetics.  At
143 ºC there is an initial phase of rapid epimerisation (kavg = 66.9 yr
-1 where 0.052 < A/I
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< 0.608) separated from a phase of slower epimerisation by a transition zone of
intermediate reaction rates.  The rate of isoleucine epimerisation in Casuarius eggshell
at 143 °C is similar to that observed in Dromaius eggshell under the same experimental
conditions (k1 = 69.3 yr
-1) by Miller et al. (2000, Fig 13-5d).  However, the slow non-
linear reaction rate observed by these authors in Dromaius eggshell at the onset of
epimerisation is not evident in Casuarius eggshell.  These authors argued that this non-
linear phase lasts no more than a decade in warm (> 20 ºC) settings and, if it were to be
applicable to epimerisation in Casuarius eggshell, is negligible at the temporal scale
under investigation in this research.
At 110 ºC the initial rate of isoleucine epimerisation in Casuarius eggshell
(kavg = 2.61 yr
-1) is over an order of magnitude slower than that observed at 143 ºC.
This reaction rate is calculated for the range 0.025 < A/I < 0.369.  The phase of linear
kinetics at 110 ºC may extend beyond this range but the heating intervals selected do
not permit confident identification of this trend beyond A/I = 0.369.  At the highest
isotherm, 160 ºC, a reaction rate of kavg = 246 yr
-1 was observed over the initial phase of
linear kinetics (0.147 < A/I < 0.637) and this is over three times faster than the initial
rate observed at 143 ºC and nearly three orders of magnitude faster than that observed at
110 ºC.  Like the 143 ºC results, at 160 ºC the curvilinear trend produced by slowing of
the reaction rate is evident.
At both 143 and 160 ºC, the initial phase of isoleucine epimerisation in Casuarius
eggshells deviates from first-order linear kinetics at an A/I of approximately 0.7.
According to Miller et al. (1991) the duration of this phase shortens as temperature
decreases.  It is suggested that at environmental temperatures, isoleucine epimerisation
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in Casuarius eggshell will deviate from first-order kinetics at an A/I less than 0.7.  The
integrated rate equation (Eqn 4.2) can be used therefore to relate an A/I less than 0.7 to
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Inset
Figure 5.8 Increase in the extent of isoleucine epimerisation in Casuarius eggshells at 110, 143 and
160 ºC.  Inset (diamonds) indicates the reaction extent over the first four days of heating at 143 ºC.  The
lines indicate the range of A/I values over which the reaction conforms to reversible first-order kinetics.
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Table 5.5  Extent of isoleucine epimerisation, and the abundance of isoleucine and hydroxyl amino





Timeb A/I ± SD
Thr +Ser aIle + Ile
Modern 9460A 0 0.025 ± 0.002
110 9686A 6 0.057 ± 0.003 6744 2932
9687A 12 0.102 ± 0.003 5650 2824
9252A 19 0.158 ± 0.001 4554 2618
9688A 25 0.215 ± 0.008 4277 2763
9689A 30 0.254 ± 0.015 4087 2879
9690A 35 0.306 ± 0.011 3691 2877
9253A 40 0.369 ± 0.007 3211 2630
9254A 60 0.491 ± 0.023 2071 2190
143 9469A 0.25 0.052 ± 0.001 2756
9470A 0.5 0.093 ± 0.004 4920 2289
9471A 0.75 0.165 ± 0.013 4604 2633
9215A 1 0.213 ± 0.010 4284 2884
9472A 1.25 0.262 ± 0.010 3389 2368
9473A 1.5 0.355 ± 0.011 2939 2464
9474A 1.75 0.393 ± 0.019 2478 2220
9216A 2 0.470 ± 0.001 2711 3209
9217A 3 0.608 ± 0.004 1630 2741
9218A 4 0.719 ± 0.004 1045 2596
9219A 6 0.873 ± 0.010 560 2522
9220A 9 0.979 ± 0.004 181 2419
9221A 13 1.104 ± 0.030 111 2147
9224A 26 1.213 ± 0.020 110 1970
160 9674A 1.5 0.051 ± 0.001 8144 3297
9675A 3 0.092 ± 0.001 6308 2940
9262A 5 0.147 ± 0.007 4130 2599
9676A 6.5 0.201 ± 0.009 3991 2643
9677A 8 0.251 ± 0.007 3497 2676
9678A 9.5 0.300 ± 0.004 2804 2515
9263A 11 0.375 ± 0.017 2430 2648
9264A 18 0.637 ± 0.004 1313 2620
9265A 26 0.776 ± 0.007 713 2741
9266A 36 0.884 ± 0.007 332 2552
9449A 48 0.974 ± 0.005 234 2378
aINSTAAR Amino Acid Laboratory code (AAL).
bUnits of time: 110 and 143 ºC data measured in days, 160 ºC data measured in hours.
5.7.2   Arrhenius parameters
As described in Chapter 4, using the methods of McCoy (1987), results from the
observation of isoleucine epimerisation in Casuarius eggshell at high temperatures
combined with estimates of the reaction rate at environmental temperatures were used
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to determine the Arrhenius equation parameters, Ea (activation energy) and A
(Arrhenius constant).  The environmental temperature calibration points were provided
by eggshell analyses AAL8554A and AAL8785A and their associated radiocarbon ages
(OZF247, OZF249), assuming an EDT of 27.4 ºC.  The EDT is estimated from the
average temperature recorded at Tual, Indonesia, about 200 km west of the Aru Islands
(Vose et al., 1992).  Values for Ea and ln (A) are estimated to be 30.6 ± 0.9 kcal mol
-1
and 41.1 ± 41.2, respectively (Table 5.6, Fig 5.9).  These parameters are used in Section
5.10.4 to interpret the apparent rate of isoleucine epimerisation in Casuarius eggshells
from archaeological sites in terms of palaeotemperatures.
Table 5.6 Arrhenius parameters for isoleucine epimerisation in Casuarius eggshells and terms
associated with their calculation.
1/T AVG k1 AVG ln k1 SD ln k1 SD 1/T total VAR ln k1 wi
0.002309 2.614E+00 0.95103 0.15435 0.000007 0.03542 28.236
0.002403 6.693E+01 4.18030 0.24037 0.000007 0.06937 14.416
0.002610 2.458E+02 5.49421 0.15623 0.000007 0.03600 27.780
0.003327 3.960E-05 -10.14619 0.19597 0.000019 0.12383 8.075
T SD k1 total SD k1 wi dk1/dA dk1/dEa r
433.15 3.835E-01 5.360E-01 3.481E+00 3.691E-18 -3.244E-03
416.15 1.402E+01 1.970E+01 2.576E-03 8.902E-17 -7.205E-02
383.15 3.864E+01 5.083E+01 3.871E-04 3.797E-16 -2.953E-01
300.55 7.711E-06 1.654E-05 3.654E+09 5.905E-23 -6.669E-08 0.9901
b m A SD A Ea SD Ea
41.053 -15383.3 6.746E+17 7.590E+17 30569.6 893.2
5.7.3   Abundance of isoleucine and hydroxyl amino acids at high temperature
In Figure 5.10 the Thr + Ser and aIle + Ile concentrations of Casuarius eggshells heated
under controlled conditions at 110, 143 and 160 ºC are presented.  These results are
listed in Table 5.5.  The rapid decline in Thr + Ser in each of the heating experiments
reflects the decomposition of these hydroxyl amino acids.  The initial abundance of
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these amino acids is estimated to be in excess of 8 nmol/mg.  These concentrations
declined to less than 1 nmol/mg in the 143 and 160 ºC datasets where A/I > 0.8, and




















y = -15383.3x + 41.1
r = 0.990
Ea = 30.6
A = 6.746* 1017
Figure 5.9 Arrhenius plot describing the temperature sensitivity of isoleucine epimerisation in
Casuarius eggshell.
Relative to the hydroxyl amino acids, the abundance of aIle + Ile was stable during the
laboratory-induced diagenesis.  Stable aIle + Ile concentrations of approximately 2.5 –
3.0 nmol/mg were observed in the results of each isotherm, although towards the end
(A/I > 1.2) of the 143 ºC treatment, aIle + Ile approached approximately 2.0 nmol/mg.
A similarly low concentration of aIle + Ile was observed at A/I = 0.5 in the 110 ºC
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treatment; however, further data points are needed to confirm the trend in this instance.













































Figure 5.10 Amino acid concentration of Casuarius eggshells heated at high temperatures under
controlled conditions.  Results are presented for Thr + Ser and for aIle + Ile versus the extent of
isoleucine epimerisation observed at 110, 143 and 160 ºC.
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5.7.4  Abundance of isoleucine and hydroxyl amino acids in archaeological
contexts
From the systematic trends in the high-temperature experiments, the concentrations of
Thr + Ser and aIle + Ile in Casuarius eggshells recovered from archaeological sites are
expected to decline and remain stable, respectively, with increasing A/I values.
Anomalously high Thr + Ser concentrations may be indicative of contamination by
relatively modern amino acid residues.  Low aIle + Ile concentrations may indicate the
diffusion of amino acids from the eggshell matrix.
Among the eggshells from the archaeological sites, amino acid concentration data are
available for both Casuarius and megapode eggshells from the Ayamaru sites but are
not available for the Casuarius eggshells from the Aru Islands (due to the batch-effects
described in Chapter 4).  These Thr + Ser and aIle + Ile results are presented in Figure
5.11 and listed in Tables 5.7 and 5.8.  For comparative purposes the concentration
trends observed at high temperatures are also presented in Figure 5.11.  Like the trends
observed under controlled conditions there is a rapid decline in Thr + Ser with
increasing A/I and relatively stable concentration of aIle + Ile. The maintenance of a
high abundance of aIle + Ile across a wide range of A/I values (with the exception of
eggshells where A/I > 0.8) suggests that preservation of the epimers of isoleucine is
excellent.
Combined with the gradual decline in Thr + Ser, the stable concentration of aIle + Ile
indicates that amino acid diagenesis in Casuarius eggshells takes place in a systematic
fashion in the stratified archaeological sequences of the Ayamaru Plateau.  Inspection of















































 Thr + Ser, 110ºC
 aIle + Ile, 110ºC
 Thr + Ser, 143ºC 
 aIle + Ile, 143ºC
 Thr + Ser, 160ºC
 aIle + Ile, 160ºC
 Thr + Ser, Kria Cave 
 aIle + Ile, Kria Cave
 Thr + Ser, Toé Cave
 aIle + Ile, Toé Cave
a) Eggshells from archaeological sites
b) Eggshells heated at high temperatures
Figure 5.11 Comparison of amino acid concentrations in Casuarius eggshells heated under controlled
conditions and from archaeological sites, Toé and Kria Caves.
160      CASUARIUS EGGSHELLS FROM TROPICAL AUSTRALASIA
the chromatograms of eggshells from Lemdubu and Nabulei Lisa indicate that it is not
unreasonable to conclude that amino acid diagenesis has also proceeded in a systematic
fashion in the Casuarius eggshells from the Aru Islands.  These assertions are bolstered
by taxon-specific trends in the eggshells from the Ayamaru Plateau sites.  The
Casuarius and megapode results in Figure 5.12 indicates that per mass of eggshell,
Casuarius eggshell has nearly twice as much aIle + Ile in than megapode eggshells with
comparable A/I values.  There is a rapid decline in the Thr + Ser concentration in both
eggshell types with increasing A/I, with these hydroxyl amino acids more abundant in
Casuarius eggshells than those of megapodes.  These results increase confidence in the
interpretation of eggshell A/I values in terms of intrinsic diagenetic reactions (e.g.
hydrolysis, decarboxylation, deamination) rather than interactions with the geological
environment (i.e. leaching, contamination, microbial activity).
Table 5.7 Amino acid concentrations in Casuarius and megapode eggshells from Kria Cave.
Concentrations (pmol/mg)
Taxa Excavation unit Depth (cm)
Analysis
numbera Thr + Ser aIle + Ile
Casuarius 756 70 – 75 9200A 4200 2219
766 75 – 80 9199A 4385 2290
792 85 – 90 9198A 3783 2068
852 105 – 110 9196A 2100 2018
865 110 – 115 9195A 3627 2267
896 115 – 120 9193A 3300 1790
913 120 – 125 9192A 2594 1418
955 130 – 135 9190A 3726 2054
982 135 – 140 9188A 3439 1809
1005 135 – 140 9187A 661 1720
Megapode 643/646 15 – 20 9204A 3410 1360
712 45 – 50 9203A 2955 1257
723 55 – 60 9202A 356 1219
792 85 – 90 9197A 3057 1282
941 125 – 130 9191A 2714 1175
980 130 – 135 9189A 2943 1313
1008 140 – 145 9186A 1290 1521
1084 155 – 160 9184A 66 1032
1109 160 – 165 9183A 2752 1220
     
aINSTAAR Amino Acid Laboratory code (AAL).
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Figure 5.12 Contrasts in the amino acid concentrations of Casuarius and megapode eggshells from Kria
and Toé Caves.  The Casuarius eggshell amino acid concentrations are represented by the interpolated fit
to the Thr + Ser and aIle + Ile data presented in Figure 5.11a.
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Table 5.8 Amino acid concentrations of Casuarius and megapode eggshells from Toé Cave.
Amino acid concentrations
(pmol/mg)Taxa Excavation unit Depth (cm) AALa
Thr + Ser aIle + Ile
Casuarius 204 10 – 15 9277A 1932 2091
206 15 – 20 9278A 3753 2189
206 15 – 20 9278B 3902 2234
301 20 – 25 9279A 4413 2542
326 30 – 35 9296A 3946 2406
326 30 – 35 9296B 2601 2137
326 30 – 35 9296C 3642 2043
342 35 – 40 9280A 3336 1893
343 35 – 40 9450A 1817 2389
361 40 – 45 9451A 1319 2230
361 40 – 45 9451B 4074 2472
383 45 – 50 9283A 3845 2234
384 DIV 45 – 50 9452A 3691 2161
384 DIV 45 – 50 9452B 3894 2368
453 60 – 65 9453A 193 1710
457 60 – 65 9454B 2971 2166
457 60 – 65 9454C 2975 2137
485 65 – 70 9455A 340 1689
485 65 – 70 9455B 3765 2239
500 70 – 75 9456A 3011 2231
500 70 – 75 9456B 3064 2197
500 70 – 75 9456C 3212 2212
593 90 – 100 9295A 1759 1887
593 90 – 100 9295B 2352 1741
593 90 – 100 9295C 193 1148
593 90 – 100 9295D 1662 2134
593 90 – 100 9295E 196 1171
Megapode 383 45 – 50 9284A 3031 1335
414 50 – 55 9285A 0 746
484 65 – 70 9288A 1896 1026
499 70 – 75 9289A 2779 1217
516 75 – 80 9291A 97 183
523 80 – 85 9457A 2361 1244
523 80 – 85 9457B 2208 1154
      
aINSTAAR Amino Acid Laboratory code (AAL).
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5.8 ISOLEUCINE EPIMERISATION IN EGGSHELLS FROM
ARCHAEOLOGICAL SITES
5.8.1   Toé Cave
A/I values of Casuarius and megapode eggshells from Toé Cave are reported in Table
5.9.  In Figure 5.13 the A/I values are plotted against the depth from which the
specimens were recovered.  The expected trend of a gradual well-defined increase in
Casuarius A/I values (n = 34) reflecting an increase in eggshell age with depth is not
present.  Instead, A/I values amongst eggshells recovered from similar depths exhibit a
wide range.  The greatest range (0.296 < A/I < 1.024) occurred at a depth of
approximately 70 cm.  A large range of values (0.420 < A/I < 0.989) was also observed
amongst eggshells from the base of the excavation (95 – 100 cm).  Age accounts for
some of the variability in A/I values observed at the base of the sequence.  Radiocarbon
ages for specimens from the base of the excavation spanned approximately 11,000
calendar years, from approximately 15,500 to 27,000 cal years BP (Fig 5.13).
Of the few (n = 7) megapode eggshells available for analysis, many (n = 4) have A/I
values less than those of Casuarius eggshells from similar depths.  However, as a
whole, the megapode eggshell A/I values have the same problematic trends observed in
the Casuarius eggshell dataset.  Again, the expected trend with respect to depth is
replaced by wide scatter amongst A/I values of eggshells from similar depths (e.g.
0.131 < A/I < 1.098 at approximately 50 cm depth).  The variability in A/I values for
both eggshell types far exceeds the analytical uncertainty and is thus not an artefact of
laboratory preparations.
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Figure 5.13 Extent of isoleucine epimerisation in Casuarius and megapode eggshells from Toé Cave.
For reference, all radiocarbon ages obtained for excavation squares 1S0E and 2N1E including those on
Casuarius eggshell calcite are shown.
5.8.2   Kria Cave
Results for the extent of isoleucine epimerisation in eggshells from Kria Cave are
presented in Figure 5.14 and compiled in Table 5.10.    As observed at Toé Cave, there
is much scatter in both the Casuarius and megapode eggshell A/I values of the Kria
Cave sequence.  However, there is a tendency towards lower A/I values at Kria Cave
than Toé Cave and this is in accord with the radiocarbon chronologies for the respective
sites.  From Casuarius eggshells low A/I values (0.15 < A/I < 0.25) are observed across
a large span of depths, from about 65 cm to 140 cm depth.  From this narrow range of
A/I values it appears that much of the sequence was deposited over a short period of
time.  This inference is supported by radiocarbon dates on eggshells from the top and
bottom of this section of the profile which suggest that it was deposited over
approximately 1000 years.
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Table 5.9 Extent of isoleucine epimerisation in Casuarius and megapode eggshells of the Toé Cave
sequence.
A/I ± SD
Square Excavation unit Depth (cm)
Analysis
numbera Casuarius Megapode
1S0E 544 120 – 125 8831B 0.362 ± 0.008
2N1E 204 10 – 15 9277A 0.476 ± 0.018
206 15 – 20 9278A 0.223 ± 0.001
206 15 – 20 9278B 0.328 ± 0.002
301 20 – 25 9279A 0.292 ± 0.012
301 20 – 25 9279B 0.259 ±0.003
311 25 – 30 8828D 0.237 ± 0.001
326 30 – 35 9296A 0.257 ± 0.008
326 30 – 35 9296B 0.414 ± 0.008
326 30 – 35 9296C 0.264 ± 0.004
342 35 – 40 9280A 0.257 ± 0.007
343 35 – 40 9450A 0.571 ± 0.002
361 40 – 45 9451A 0.622 ± 0.006
361 40 – 45 9451B 0.273 ± 0.002
383 45 – 50 9283A 0.240 ± 0.003
383 45 – 50 9283B 0.268 ± 0.007
383 45 – 50 9284A 0.131 ± 0.001
384 DIV 45 – 50 9452A 0.251 ± 0.001
384 DIV 45 – 50 9452B 0.274 ± 0.001
414 50 – 55 9285A 1.098 ± 0.022
453 60 – 65 9453A 1.024 ± 0.005
454 60 – 65 8829A 0.384 ± 0.001
457 60 – 65 9454B 0.406 ± 0.002
457 60 – 65 9454C 0.401 ± 0.005
484 65 – 70 9288A 0.241 ± 0.002
485 65 – 70 9455A 0.814 ± 0.006
485 65 – 70 9455B 0.296 ± 0.007
499 70 – 75 9289A 0.141 ± 0.002
500 70 – 75 9456A 0.398 ± 0.004
500 70 – 75 9456B 0.385 ± 0.001
500 70 – 75 9456C 0.388 ± 0.001
516 75 – 80 9291A 0.992 ± 0.015
523 80 – 85 9457A 0.206 ± 0.012
523 80 – 85 9457B 0.205 ± 0.003
524 80 – 85 8830A 0.501 ± 0.001
524 80 – 85 8830C 0.553 ± 0.001
593 95 – 100 9295A 0.420 ± 0.011
593 95 – 100 9295B 0.514 ± 0.013
593 95 – 100 9295C 0.989 ± 0.006
593 95 – 100 9295D 0.665 ± 0.005
593 95 – 100 9295E 0.813 ± 0.001
600 105 – 110 9295F 0.617 ± 0.007
aINSTAAR Amino Acid Laboratory code (AAL).
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Figure 5.14 Extent of isoleucine epimerisation in Casuarius and megapode eggshells from Kria Cave.
For reference all radiocarbon ages for the sequence are shown including those on Casuarius eggshell
calcite.
5.8.3   Lemdubu
The A/I values of Casuarius eggshells from Lemdubu are presented in Figure 5.15 and
listed in Table 5.11.  The Casuarius eggshells are bimodally distributed in the profile
because they are concentrated in the upper 25 cm and between 85 and 100 cm depth.
From eggshell radiocarbon ages it is known that the more deeply buried specimens were
deposited during the Pleistocene, and the specimens from the top of the sequence were
deposited during the Late Holocene.  The range of A/I values within the less deeply
buried samples is much larger (0.1 < A/I < 1.3) than the range of A/I values within the
group of eggshells excavated from greater depth (0.5 < A/I < 0.8).
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Table 5.10 Extent of isoleucine epimerisation in Casuarius and megapode eggshells of the Kria Cave
sequence.
A/I ± SD
Excavation unit Depth (cm) Analysis numbera
Casuarius Megapode
643/646 15 – 20 9204A 0.066 ± 0.002
712 45 – 50 9203A 0.144 ± 0.001
723 55 – 60 9202A 0.728 ± 0.004
723 55 – 60 9202C 0.747 ± 0.040
723 55 – 60 9202B 0.875 ±0.033
723 55 – 60 9202D 1.122 ± 0.053
744 65 – 70 9201A 0.205 ± 0.010  
744 65 – 70 9201B 0.172 ± 0.001  
744 65 – 70 9201C 0.165 ± 0.001  
756 70 – 75 9200A 0.180 ± 0.011  
766 75 – 80 9199A 0.191 ± 0.006  
792 85 – 90 9198A 0.203 ± 0.012
792 85 – 90 9198B 0.217 ± 0.002
792 85 – 90 9198C 0.252 ± 0.007  
792 85 – 90 9198D 0.269 ± 0.013  
792 85 – 90 9197A 0.119 ± 0.013
792 85 – 90 9197B 0.136 ± 0.001
792 85 – 90 9197C 0.122 ± 0.004
852 105 – 110 9196A 0.464 ± 0.003  
865 110 – 115 9195A 0.232 ± 0.001  
865 110 – 115 9195B 0.656 ± 0.003  
865 110 – 115 9195C 0.221 ± 0.008  
865 110 – 115 9195D 0.299 ± 0.001  
896 115 – 120 9193A 0.228 ± 0.001  
913 120 – 125 9192A 0.378 ± 0.015
913 120 – 125 9458A 0.181 ± 0.005
941 125 – 130 9191A 0.145 ± 0.002
955 130 – 135 9190A 0.225 ± 0.009  
955 130 – 135 9190B 0.253 ± 0.004  
955 130 – 135 9190C 0.275 ± 0.002  
955 130 – 135 9190D 0.219 ± 0.005  
980 130 – 135 9189A  0.117 ± 0.008
982 135 – 140 9188A 0.232 ± 0.005  
1005 135 – 140 9187A 0.683 ± 0.005  
1008 140 – 145 9186A  0.354 ± 0.001
1008 140 – 145 9186B  0.650 ± 0.008
1035 145 – 150 9185A 0.415 ± 0.008  
1084 155 – 160 9184A 0.921 ± 0.002
1109 160 – 165 9183A 0.142 ± 0.013
aINSTAAR Amino Acid Laboratory code (AAL).
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Figure 5.15 Extent of isoleucine epimerisation in Casuarius eggshells from Lemdubu. For reference, all
numeric age control for the site is shown, including radiocarbon ages on Casuarius eggshell calcite.
Table 5.11 Extent of isoleucine epimerisation in Casuarius eggshells from Lemdubu.
Excavation unit Depth (cm)a Analysis numberb A/I ± SD
1 8 8553A 0.173 ± 0.001
1 8 8553B 0.115 ± 0.006
1 8 8553C 1.221 ± 0.020
1 8 8553D 0.728 ± 0.002
2 13 8554A 0.102 ± 0.004
2 13 8554B 0.581 ± 0.008
4 23 8713A 1.239 ± 0.028
4 23 8713B 1.219 ± 0.023
17 88 8557A 0.695 ± 0.006
19 98 8559B 0.538 ± 0.005
19 98 8559C 0.523 ± 0.008
20 102 8560A 0.742 ± 0.002
20 102 8560B 0.630 ± 0.005
aMean of depths measured at each corner of the excavation unit.
bINSTAAR Amino Acid Laboratory code (AAL).
5.8.4   Nabulei Lisa
Figure 5.16 exhibits the A/I values of Casuarius eggshells versus excavation depth at
Nabulei Lisa (see also Table 5.12).  There is not a well-defined increase in the extent of
isoleucine epimerisation with respect to depth.  The range in A/I values amongst
eggshells excavated from similar depths is as high as 0.56 (units 9 and 11) and as low as
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0.037 (units 25 to 27).  Despite this variability the pattern of A/I values with respect to
depth does bear some semblance to the radiocarbon chronology.  The A/I values from c.
70 – 100 cm depth tend to be greater than those from c. 20 – 30 cm depth, and these


































 Casuarius eggshell 
Figure 5.16 Extent of isoleucine epimerisation in Casuarius eggshells from Nabulei Lisa.  For reference
all radiocarbon ages for the sequence are shown including those on Casuarius eggshell calcite.
Table 5.12 Extent of isoleucine epimerisation in Casuarius eggshells of the Nabulei Lisa sequence.
Excavation unit Depth (cm)a Analysis numberb A/I ± SD
9 25 8784A 0.266 ± 0.001
9 25 8784B 0.711 ± 0.002
11 31 8785A 0.151 ± 0.004
19 50 10078A 0.405 ± 0.002
25 69 8786A 0.384 ± 0.001
26 71 8787A 0.421 ± 0.005
27 73 10079A 0.396 ± 0.001
28 76 10080A 0.520 ± 0.011
28 76 10081A 0.673 ± 0.011
32 86 8788A 0.717 ± 0.002
34 93 8789A 0.471 ± 0.001
aMean of depths measured at each corner of the excavation unit.
bINSTAAR Amino Acid Laboratory code (AAL).
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5.9 RADIOCARBON AGES OF EGGSHELL CALCITE
Prior to considering the significance of the eggshell A/I values and radiocarbon ages
(Table 5.13) the agreement between the latter form of chronological control and the pre-
existing chronological control for the archaeological sequences is considered.
Radiocarbon ages on Casuarius eggshells from Toé Cave provide the chronological
evidence needed to confirm the Pleistocene age assigned to the montane fauna found at
the base of the sequence (Jelsma, 1998).  Aside from the anomalously young charcoal
radiocarbon ages for the Toé Cave sequence, the only other radiocarbon age was
obtained on collagen extracted from bone (Fig 5.13).  While this single date is
insufficient to challenge the eggshell radiocarbon chronology at Toé Cave, the calcite
ages are in accord with the radiocarbon chronology developed for Kria Cave (Fig 5.14).
With the exception of two anomalously young charcoal radiocarbon ages, there is an
excellent correlation between depth and radiocarbon ages in the Kria Cave sequence.
These ages indicate that the lower metre of the excavated sequence was deposited over
3000 years.  The Casuarius eggshell ages agree well with the bone and charcoal ages
obtained at similar depths.
Overall, there is good agreement between the eggshell radiocarbon ages for the
Lemdubu and Nabulei Lisa sequences and the respective chronologies of these sites
(Figs 5.15 and 5.16).  At Lemdubu, the two similar radiocarbon ages obtained on
Casuarius eggshells (by different laboratories) from approximately 1 m depth are in
close agreement with that of a mollusc shell recovered 10 cm higher in the profile, and
the eggshell fragment from the top of the excavation has a radiocarbon age comparable
to that of charcoal fragments recovered from the same depths.  The three Nabulei Lisa
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Table 5.13 Radiocarbon ages obtained on the calcite of Casuarius eggshells.  For completeness the
























Lemdubu 2 5 – 10 -13.5 8554A OZF247 2150 ± 50
2300 – 2060
(2180)
19 95 – 100 -10.0 8559B AA-32848 16770 ± 110
20320 – 19650
(19980)





11 30.5 -13.6 8785A OZF249 2530 ± 60
2750 – 2490
(2710)
25 68.5 -16.1 8786A OZF250 9310 ±80
10670 – 10290
(10480)
26 71.0 -16.0 8787A AA-32849 10460 ± 75
12800 – 12170
(12480)
32 86.0 -15.9 8788A OZF848 10340 ± 60
12570 – 11950
(12260)











311 25 – 30 -14.6 8828D AA-32921 5290 ± 75
6180 – 5940
(6060)
454 60 – 65 -15.1 8829A AA-33404 8860 ± 70
10150 – 9780
(9970)
524 80 – 85 -12.4 8830A AA-33405 12870 ± 110
15730 – 14940
(15500)
524 80 – 85 -12.8 8830C AA-33406 12885 ± 90
15740 – 15010
(15520)
593 95 – 100 -15.9 9295A OZF251 13100 110
16010 – 15460
(15750)
593 95 – 100 -14.0 9295B OZF516 20310 ± 110
24140 – 23880
(24010)
600 105 – 110 -15.1 9295F OZG063 25920 ± 180
30490 – 30100
(30290)
Kria Cave 744 65 – 70 -12.2 9201C OZF245 5120 ± 60
5930 – 5750
(5910)
955 130 – 135 -13.5 9190A OZF246 6080 ± 60
7010 – 6810
(6910)
aINSTAAR Amino Acid Laboratory code (AAL).
bOZ codes refer to analyses performed at the Australian Nuclear Science Technology Organisation, and
AA codes refer to analyses performed at the University of Arizona National Science Foundation
Accelerator Mass Spectrometry facility.
cMaximum – minimum intercepts (unique calendar age), ±1s range.
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eggshells recovered from c. 65 – 85 cm depth have radiocarbon ages similar to Celtis
seeds and mollusc shells from the same section of the profile.  The eggshell from
c. 90 cm depth has the oldest radiocarbon age in the profile and this is explicable in
terms of its location towards the base of the sequence.  While there are no samples with
radiocarbon ages similar to that of the eggshell from c. 30 cm depth this specimen is
situated between charcoal and mollusc shells with radiocarbon ages that bracket that of
the eggshell.
5.10 INFERENCES FROM AMINO ACID AND RADIOCARBON RESULTS
5.10.1   The ‘burning’ problem
The effect of high temperatures associated with campfire heating events is the
mechanism most likely to be responsible for producing the high variability in Casuarius
eggshell A/I values amongst specimens recovered from similar depths.  The A/I values
are not likely to be spurious artefacts of preservation state because the Thr + Ser and
aIle + Ile concentrations indicate that amino acid diagenesis has taken place in a regular
manner, although like the extent of isoleucine epimerisation it has been accelerated in
some eggshells and not in others.
Mixing is an unsatisfactory explanation for the range in A/I values amongst specimens
recovered from similar depths because the eggshell calcite radiocarbon ages are in
accord with other radiometric ages for the sequences.  The best example of this is at
Kria Cave, where further evidence of the stratigraphic integrity of the excavation is
provided by coherent trends in sedimentary layers, the vertical distribution of cultural
materials, and the correlation of these trends between excavation squares (Pasveer,
2003).  It is possible that sediments at Toé Cave have experienced localised slumping or
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erosion, particularly towards the base of the sequence where a range of Pleistocene
radiocarbon ages are observed.  However, distinct down-profile changes in the
archaeofauna assemblage and sediment characteristics (Pasveer, 2003) make it highly
unlikely that the range in A/I values reflects a mixed-age assemblage of eggshells, at
least amongst eggshells from the upper 80 cm of the excavation.  At Liang Lemdubu
and Nabulei Lisa the presence of estuarine and marine mollusk shells (signifying near-
modern sea-levels) along with Holocene cultural and archaeofauna material in
sediments overlying those featuring animal remains representing a distinct Pleistocene
faunal communities indicate that these sequences are time-transgressive (O'Connor et
al., forthcoming-a, O'Connor et al., forthcoming-b).  Thus, like the Ayamaru Plateau
sites, it is improbable that the movement of eggshells within the sediment profile of
these Aru Islands sites is capable of explaining the anomalous trends observed in A/I
values with respect to depth.
Acceleration of the rate and extent of isoleucine epimerisation by high temperature
heating events is a likely mechanism because it is not peculiar to any sample type, thus
it is able to explain why variable A/I values were observed in both Casuarius and
megapode eggshells.  The effect of burning is also capable of explaining why a large
range of A/I values is observed.  Within a stratigraphic unit, eggshells unaffected or
least affected by ‘burning’ are expected to exhibit the lowest A/I values (assuming the
sequence has not been subjected to disturbance) and the scatter of A/I values between
these minima and equilibrium (A/I = 1.3) will reflect the effects of high temperatures on
the rate of epimerisation.
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High temperatures associated with campfires will always be a concern when
interpreting the biogeochemistry of ancient Casuarius eggshells because, unlike those
of other large flightless birds (Dromaius, Struthio and Genyornis) subjected to
isoleucine epimerisation analyses, they can only been obtained from archaeological
sites. The necessity of this archaeological association is problematic because, as
illustrated by the laboratory experiments, elevated temperatures are capable of
producing A/I values normally only observed in eggshells thousands of years old over
the course of several hours, days or weeks.  As well as temperature, the degree to which
exposure to campfires will inflate the extent of isoleucine epimerisation is a function of
the duration of the heating event, the A/I value at the time of the event, and the number
of such heating events encountered.
The influence of campfire heating events on the extent of amino acid racemisation has
previously been noted.  Murray-Wallace and Colley (1997) observed elevated Asx D/L
values attributable to transient exposure to high temperatures in mollusc shells from a
Late Holocene archaeological sequence.  Approximately 40 % of the land snail shells
from Hinds Cave were deemed unsuitable for isotope analyses due to heating after
rejecting samples with unacceptably large A/I values (Goodfriend & Ellis, 2000).
‘Burnt’ Struthio  eggshells have been regularly encountered in Pleistocene
archaeological sites throughout southern Africa.  At the archaeological site of
Boomplaas, South Africa, Hare et al. (1993) observed Struthio eggshells with an
anomalously high extent of racemisation that was attributed to burning on the basis of
elevated abundances of amines and ammonia.  A little less than half of the Struthio
eggshells analysed by Miller et al. (1999a) from Border Cave (47 %) and Apollo 11
Cave (45 %) were identified as exposed to high temperatures by solving simultaneous
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equations for the extent of leucine hydrolysis and isoleucine epimerisation.  Similarly,
approximately half of the Struthio eggshells from Honey Nest Cave (Heuningsnekrans)
analysed by Miller et al. (1992) were identified as ‘burnt’ by this method.
Highly variable A/I values do not always reflect the influence of high temperatures on
amino acid diagenesis.  A highly variable set of Struthio eggshell A/I values was
observed at Equus Cave, South Africa (Johnson et al., 1997, see also Fig 2.10).  The
radiocarbon dating of eggshells from this sequence indicated that a complex association
existed between the place of eggshells in the profile and their A/I values.  An eggshell
with a low A/I value and radiocarbon age of about 1000 years BP was recovered from a
stratigraphic unit with Late Pleistocene radiocarbon ages.  Conversely, an eggshell with
a radiocarbon age of about 30,000 years BP and high A/I value was obtained from the
upper 10 cm of the sequence.  The occurrence of eggshells with modern A/I values
throughout the profile is indicative of downward transport, and the paired
radiocarbon/amino acid results indicate upward transport has taken place in the profile,
too.  From this example it is apparent that mixing is able to explain variation in A/I
values of an archaeological sequence without needing to invoke the effect of campfire
temperatures on the rate of isoleucine epimerisation.
It should also be noted that anomalously high A/I values in archaeological sequences
have not been universally attributed to exposure to the high temperatures of campfire
heating events.  Brooks et al. (1990) interpreted anomalously high Struthio eggshell A/I
values at the archaeological site of ≠Gi on the Botswana/Namibia border to digging by
the Late Stone Age inhabitants of the site into older horizons.  This interpretation was
supported by an infinite radiocarbon age on one of the eggshells featuring a high A/I
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value.  This observation, along with the Equus Cave Struthio A/I values, indicate that
both highly variable and anomalously high A/I values can be produced by site
disturbance as well as the effects of the high temperatures associated with campfire
heating events.
5.10.2   An attempt to screen A/I values using Arrhenius parameters
In an effort to screen the isoleucine epimerisation results for anomalous A/I values
resulting from exposure to high temperatures, the A/I values in Casuarius and
megapode eggshells from the Ayamaru Plateau sites were compared to see if the
expected offset in the two data sets predicted by Arrhenius parameters is present in the
stratigraphic profiles.  In order to perform this screening it is necessary to make several
assumptions.  It is assumed that the megapode eggshells with low A/I values (A/I < 0.3)
have not been ‘burnt’.  It is also assumed that the sediments have not been subject to
mixing, which means that eggshells recovered from the same depth have similar ages.
In order to gauge the possibility of a species-effect on isoleucine epimerisation kinetics
amongst megapode eggshells, the rate of epimerisation in Leipoa ocellata and Talegalla
cuvieri eggshells (the latter was collected from the Ayamaru Plateau and is a potential
candidate for the megapode eggshells in the archaeological sequences) was compared to
that observed in Alectura eggshell at 143 ºC (see the Appendices).  At this isotherm a
significant difference in the rate of isoleucine epimerisation was not observed (P  =
0.2854), supporting the application of Arrhenius parameters developed for
epimerisation in Alectura to the A/I values of other megapode eggshells.
The heating experiment Arrhenius parameters predict that at environmental
temperatures (20 – 30 ºC) the rate of isoleucine epimerisation over the initial phase of
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first-order kinetics in Alectura eggshell will be approximately 56 % of that in Casuarius
eggshell.  Thus, working with the above assumptions, the A/I value of megapode
eggshells are expected to be 1.6 times lower those of Casuarius eggshells from the same
depth.  This serves to explain why the megapode eggshell A/I values tend to be lower
than those of Casuarius eggshells at both Toé and Kria Caves.
In Figure 5.17, ‘transformed’ megapode eggshell A/I values and Casuarius eggshell A/I
values are plotted with respect to depth in the Toé and Kria Cave profiles.  Where the
expected and observed Casuarius eggshell A/I values are in general agreement (e.g. ±
10 %) it may be appropriate to conclude that the specimens have been little affected by
anomalous thermal regimes.  Those that are not in general agreement have higher A/I
values than expected, as would be produced by exposure to the high temperatures of
campfires.  However, while there is some agreement between Casuarius eggshell A/I
values and the ‘transformed’ megapode A/I values, this correspondence is considered
somewhat fortuitous given the uncertainties associated with the Arrhenius parameters.
In the same way that uncertainties in Ea and A propagate into errors when calculating
sample age and EDT from amino acid data, the uncertainties in these two parameters
propagate into errors when estimating values for k1.  McCoy (1987) suggested an error
of about 35 % is expected when calculating age from Arrhenius parameters.  The error
associated with k1 expected from the Arrhenius parameters for isoleucine epimerisation
in Casuarius and Alectura eggshells is approximately 50 % and 35 %, respectively.
The size of the k1 errors means that the uncertainty associated with the conversion of
megapode A/I values into expected Casuarius A/I values is also of a similar magnitude
(> 35 %).
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Figure 5.17 Kria and Toé Cave Casuarius eggshell A/I values, and A/I values expected of Casuarius
eggshells calculated from the extent of isoleucine epimerisation in megapode eggshells, plotted with
respect to depth.  When multiplied by 1.56 (i.e. ‘transformed’) megapode A/I values are expected to fall
amongst the A/I values of Casuarius eggshells from the same depth.
In light of this statistical uncertainty, it is suggested that the comparison of A/I values
between co-occurring protein-bearing fossils, such as the Casuarius and megapode
eggshells, is a simple and effective means of identifying potentially anomalous results
(such as samples exposed to high temperatures), but the expected relationship between
the extent of isoleucine epimerisation in the two eggshell types should be determined
from field data rather than laboratory experiments.  The relationship should be
determined from in situ rate constants calculated from the A/I values of specimens of
both taxa that are unheated, of similar ages, and from the same site.  Alternatively, the
observation of a consistent relationship between the A/I values of the two taxa where
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recovered in stratigraphic association may enable the development of a reliable check
on A/I values.
5.10.3   Usefulness of Casuarius eggshells for geochronological control in
archaeological sites
Short duration high temperature heating events will influence the extent of isoleucine
epimerisation, and they may also alter the radiocarbon content of eggshell calcite.  At
high temperatures carbon dioxide is released from carbonate, potentially altering carbon
isotope ratios (Haas & Banewicz, 1980).  The release of CO2 produces calcium oxide
(CaO) that will react with CO2 to re-precipitate carbonate either directly or via the
intermediate formation of calcium hydroxide (Ca(OH2)).  With these changes in
mineralogy there is scope for the loss and exchange of carbon and consequential
alteration of the radiocarbon content and carbon isotope ratio.  However, the likelihood
of analysing eggshell carbonate from which CO2 has been thermally released is
essentially eliminated by the disintegration of the calcite upon this change in
mineralogy, at least under dry conditions (personal observation).  Eggshells exposed to
temperatures high enough to oxidise the carbonate are therefore unlikely to be preserved
over geological time.  Aside from contamination by extraneous carbonate (which
sample preparation is designed to remove), eggshell calcite should provide a suitable
sample type for radiocarbon dating.  This suggestion is supported by the agreement
between Casuarius eggshell radiocarbon ages and other forms of numeric chronological
control for the Ayamaru Plateau and Aru Islands archaeological sites.
One of the major advantages of amino acid racemisation as a geochronological tool is
the ability to determine the timing of events beyond the limits of radiocarbon dating
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(c. 50,000 years BP).  The epimerisation of isoleucine in Casuarius eggshells is no
exception to this observation.  However, the warm temperatures of the bird’s tropical
habitat and the range of A/I values over which the reaction was observed to obey
reversible first-order kinetics impose limits to this application.  Using A/I values in
Figure 5.18 as a guide, isoleucine epimerisation in Casuarius eggshell ceases to obey
reversible first-order kinetics after approximately 30,000 years (i.e. where A/I > 0.7).
Under these conditions, in eggshells older than 30,000 years A/I will be greater than 0.7
and the integrated rate equation will underestimate specimen age.  This problem may be
reconciled by the mathematical transformation of amino acid data.  For example,
following Mitterer & Kriausakul (1989), Murray-Wallace & Kimber (1993) and Hearty
& Kaufman (2000) observed that the D/L values of field samples could be accurately
related to time by describing the decrease in the reaction rate as a parabolic function of
time.
Despite uncertainties related to ‘burning’, the A/I values in Figure 5.18 indicate that
when supported by a radiocarbon chronology, Casuarius eggshell A/I values can be
used to estimate numeric age.  In Figure 5.18 the results from the Aru Islands are
combined with those from the Ayamaru Plateau, making a large set (n = 19, including
modern eggshell, but excluding one eggshell from Nabulei Lisa with an anomalously
high A/I) of paired Casuarius eggshell A/I values and radiocarbon ages spanning the
last 30,000 years.  Importantly for studies of long-term environmental and cultural
change, the Holocene can be distinguished from the Pleistocene at a Casuarius eggshell
A/I of approximately 0.24.  Late Holocene eggshells can be distinguished from those of
the Early Holocene, and an A/I of approximately 0.14 is expected of Mid Holocene
eggshells.  From the oldest eggshells in the dataset, although limited by few data points
CASUARIUS EGGSHELLS FROM TROPICAL AUSTRALASIA      181
and the variability in those available, an A/I greater than 0.45 may provide a useful
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Figure 5.18 Increase in the extent of isoleucine epimerisation in radiocarbon-dated Casuarius eggshells
from archaeological sites over time.
Viewed in this manner, the combined Aru Islands and Ayamaru Plateau datasets offer a
simple index for ascribing an age to a Casuarius eggshell based on its A/I value, a
method applicable to other lowland archaeological sites occupied over the last 30,000
years where this sample type is encountered.  It should be noted that in both relative and
numeric chronologic applications, the geochronological use of A/I will be most
confident in archaeological sites where Casuarius eggshells are abundant.  Multiple
analyses permits rigorous assessment of within-excavation unit variability and
identification of the expected trend in A/I with respect to depth, two trends that aid in
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the identification of anomalous A/I values resulting from effects such as exposure to
campfire heating events.
5.10.4   Isoleucine epimerisation palaeothermometry
The gradual increase in A/I value with respect to radiocarbon age in Figure 5.18
increases confidence in the assumption that the reaction is primarily driven by time and
temperature.  Furthermore, there appears to be a subtle difference in the reaction rate
between Holocene and Pleistocene eggshells that may relate to temperature depression.
In order to determine the effective diagenetic temperature (EDT) to which the eggshells
have been exposed, A/I values were transformed using the logarithmic term of the
integrated rate equation and plotted against their paired radiocarbon age (Fig 5.19).  The
radiocarbon ages were converted to calendar years and 50 years was added to bring
them into line with the timescale over which the reaction has taken place.  A linear
regression was fitted to the transformed A/I values, the slope of which is proportional to
k1.  This reaction rate was then used to solve the Arrhenius equation for temperature
using the Arrhenius parameters for isoleucine epimerisation in Casuarius eggshell.
Two slightly different groups were used to extract palaeotemperature estimates from the
A/I values of radiocarbon-dated Casuarius eggshells.  The first method divided the
eggshells into two groups based on age.  The ‘Pleistocene’ group includes eggshells
from all sites with Pleistocene radiocarbon ages.  The ‘Holocene’ group is all eggshells
with Holocene radiocarbon ages as well as the A/I value of modern Casuarius eggshell
and the two youngest Pleistocene eggshells both of which have ages of about 10,000 cal
years BP.  To examine whether a more selective sample would produce a different and
perhaps more accurate thermal history, the four eggshells with the lowest reaction rates
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in each of the ‘Pleistocene’ and ‘Holocene’ groups were used to estimate the rate of
epimerisation in their respective pools.  The aim here is to bias the k1 values against
those of eggshells that may have anomalously high A/I values due to ‘burning’.  In
order to constrain the Holocene group prior to 7,000 cal years BP, the c. 12,000 year-old
eggshell was included in this and the Pleistocene group.  This result is visually
satisfactory because it forces the respective regressions to meet near the terminal
Pleistocene when a change in temperature is expected (Fig 5.19).
Linear regressions are fitted to the data points of these groupings, the statistics of which
are presented in Table 5.14.  As expected from the smaller and more selective sample
the correlation coefficient for the eggshells with low reaction rates is better than that for
the more inclusive groupings.  However, the small sample size reduces the statistical
significance of the refined dataset.
From Table 5.14 it can be seen that similar EDTs for the Pleistocene and Holocene are
extrapolated from the eggshells with low reaction rates as those obtained for the entire
dataset.  The Pleistocene EDTs are about 21 ºC, and the Holocene EDTs are about
26 ºC.  However, the relatively low EDT for the Pleistocene eggshells with low reaction
rates culminates in a slightly smaller inferred temperature difference than for the entire
dataset.  The temperature depression inferred from the whole and refined datasets is 4.9
± 17.6 ºC and 3.8 ± 12.9 ºC, respectively.


































































Figure 5.19 Models for interpreting the A/I values of Casuarius eggshells in terms of temperature
change.  The upper plots display the A/I values for individual sites transformed using the logarithmic
term of the integrated rate equation.  In the lower plot these data are pooled and linear regressions are
fitted to different groupings.  Groupings are discussed in the text and regression statistics are presented in
Table 5.14.
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Table 5.14 Effective diagenetic temperature experienced by groups of radiocarbon-dated Casuarius
eggshells calculated from regressions in Figure 5.18 and Arrhenius parameters.
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Although the isoleucine epimerisation estimates of Pleistocene temperature depression
agree with previous sea surface temperature estimates for the waters of the Western
Pacific Warm Pool (Linsley & Thunnel, 1990, Thunnel et al., 1994, Lea et al., 2000,
Kienast et al., 2001), the error terms associated with the estimates undermines
confidence in their accuracy.  The errors associated with the estimates are far greater
than the EDT difference between the Pleistocene and Holocene groups despite the
regular observation of correlation coefficients (r2) in excess of 0.9.  Having observed
variable A/I values attributable to ‘burning’ this mechanism is conceivably a significant
contributor to the unacceptably large error terms.  However, it is also possible that the
source of the variability relates to the combination of k1 values extrapolated from amino
acid data observed at multiple sites.  Perhaps inter-site differences in thermal regimes
make it inappropriate to extrapolate between settings.  These inter-site differences are
likely to be subtle (less than 2 ºC) but significant when multiplied out over thousands of
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years and where the goal is to discern minor changes in temperatures over time.  Also of
concern is the proximity of the A/I values of the older eggshells to the cessation of first-
order kinetics observed under controlled conditions.  The inclusion of A/I values that
are beyond the range of first-order kinetics would produce an EDT that is anomalously
low.  As older eggshells are more likely to feature A/I values beyond this range their
inclusion may lead to an anomalously large Holocene-Pleistocene temperature
difference.
In conclusion, although a good correlation between the A/I values and age of Casuarius
eggshells is observed, the errors associated with the interpretation of A/I in terms of
EDT render them unsuitable for investigating palaeotemperatures.
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5.11 ISOTOPE RATIOS IN CASUARIUS EGGSHELLS
In the remainder of this chapter the carbon, nitrogen and oxygen isotope ratios of
Casuarius eggshells from the Ayamaru Plateau and Aru Islands are explored.  In the
absence of radiocarbon ages on all eggshells it is necessary to use alternative means to
develop temporal groupings to investigate changes in isotope ratios with respect to time.
These groupings must necessarily encompass broad periods of time yet split eggshells
into groups that may yield meaningful palaeoenvironmental information.  For this
reason the eggshells were separated into Pleistocene and Holocene groups.  To facilitate
this, amongst eggshells lacking radiocarbon age control it is assumed that the
excavation unit from which the fragment was recovered reflects sample age.  Amongst
the Ayamaru Plateau eggshells, all of the isotope ratios obtained for Kria Cave
eggshells are Holocene, and the Pleistocene/Holocene boundary within square 2N1E of
Toé Cave as identified at 80 cm by Pasveer (2003) is accepted as a means of separating
eggshells into groups at this site.  The Lemdubu eggshells are readily separated into
Holocene and Pleistocene groups according to depth within the profile.  As the
uppermost occurrence of a radiocarbon age greater than 10,000 cal years BP takes place
in unit 25 this depth is defined as the upper limit of the Pleistocene excavation units at
Nabulei Lisa.
5.1.1   Isotope ratios in modern Casuarius eggshells
The isotope ratios of modern Casuarius eggshells are presented in Table 5.15.  Most of
the eggshells from non-captive birds were collected in northeastern Queensland.  The
d18O values of these eggshells (n = 8) fall between -2.5 and -5.5 ‰.  If oxygen isotope
ratios in eggshells, drinking water and rainfall are closely linked this narrow range of
values is the expected trend across a habitat with a uniform climate such as the
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rainforests of northeastern Queensland.  The d13C values of the organic fraction of
eggshells of non-captive birds (c. -25 ‰) are comparable to the d13C value (-23.4 ‰)
reported by Yoshinaga et al. (1991) on Papuan Casuarius flesh.  Although the d15N
value (1.7 ‰) reported by Yoshinaga et al. on the same sample is lighter than the d15N
values listed in Table 5.15 the significance of this observation cannot be gauged from
the available datasets.  The difference may reflect the physiology of the different
tissues, the isotope ecology of the different regions, or natural variability in d15N values.
Like the d18O values, the d13C results for Casuarius eggshell calcite are occupy a
narrow range, from about -15 to -12 ‰.  However, compared to d13C values in the
organic fraction of the same eggshell, the calcite values appear the more variable of the
two.  This trend is not explicable in terms of analytical uncertainty because the calcite
analyses are more precise than those of the organic fraction.
The offset between the d13C values in the calcite and organic fraction (D13C) of modern
Casuarius eggshells are listed in Table 5.15 and presented in Figure 5.20.  In this figure
the median, 25 and 75 % percentiles of the distribution of D13C values are identified.
As stated in Chapter 4, the inter-quartile range is used in this thesis to identify outlying
D13C values and thus screen datasets for potentially anomalous isotope ratios.  Where
the D13C values of eggshells from archaeological sites fall outside the 25 – 75 %
percentile range their isotope ratios are not considered further (although they are
reported).  Although it is acknowledged that the use of D13C values for screening the
isotope results would be readily strengthened by increasing the sample size the available
dataset is accepted here as the best means of defining expected D13C values.  Rather
than reject the d13C values that lack an accompanying D13C value, these values were
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given a weighting of 0.5 in all statistical analyses.  Results with D13C values within the
accepted range were given a weighting of 1.0.
Table 5.15 Carbon, nitrogen and oxygen isotope ratios of modern Casuarius eggshells from the








































1998 -14.3 -25.2 10.9 5.2 -2.9
















O51468 a 1914 -14.3 -4.0
‘Cape York
Brush’, QLD
O53436 a 1884 -11.9 -24.3 12.4 9.7 -4.0




 Modern +1.0*IQR-1.0*IQR Median 75 % quartile25 % quartile
Figure 5.20 Quartile plot for the identification of anomalous Casuarius eggshell D13C values.  As
described in Chapter 4, values are considered anomalous if they fall beyond ±1.0*IQR, where IQR is the
inter-quartile range (i.e. 75 – 25 %).
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5.11.2   Isotope ratios in eggshells from archaeological sites
The carbon, nitrogen and oxygen isotope ratios of Casuarius eggshells from Toé Cave,
Lemdubu and Nabulei Lisa are plotted against the depth from which the eggshells were
recovered in their respective sites in Figures 5.21, 5.22 and 5.23.  In the following
sections descriptive statistics and statistical inter-comparisons of these results are
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Figure 5.21 Carbon, oxygen and nitrogen isotope ratios of Casuarius eggshells from Toé Cave plotted
against the depth from which they were excavated.  The Holocene – Pleistocene boundary is indicated.
5.11.3   Carbon isotope ratios in eggshells from archaeological sites
Amongst the accepted carbon isotope ratios of ancient Casuarius eggshells presented in
Tables 5.16 (Ayamaru Plateau) and 5.17 (Aru Islands) values range from -22.5 to
-25.6 ‰ (
† 
x  = -24.1 ± 0.9 ‰, n = 35) in the organic fraction, and from -9.7 to -16.0 ‰
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Figure 5.22 Carbon, oxygen and nitrogen isotope ratios of Casuarius eggshells from Lemdubu plotted
against the depth from which they were excavated.  Eggshells from the upper c. 20 cm are Holocene and
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Figure 5.23 Carbon, oxygen and nitrogen isotope ratios of Casuarius eggshells from Nabulei Lisa
plotted against the depth from which they were excavated.  The Holocene – Pleistocene boundary is
indicated.
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Toé Cave 2N1E 204 10 – 15 9277A -14.4 -24.3 9.9x
206 15 – 20 9278A -14.3 -23.6 9.3x
301 20 – 25 9279A -12.1 -23.8 11.8
311 25 – 30 8828A -12.2 -23.6 11.4
311 25 – 30 8828B -12.3 -23.7 11.4
311 25 – 30 8828C -12.8
311 25 – 30 8828D -14.6 -23.9 9.3x
326 30 – 35 9296A -11.6 -23.7 12.1
342 35 – 40 9280A -15.4 -24.1 8.7x
383 45 – 50 9283A -13.5 -24.1 10.6
454 60 – 65 8829A -14.8 -24.0 9.2x
454 60 – 65 8829B -14.5 -24.3 9.8x
454 60 – 65 8829C -14.7 -24.5 9.8x
457 60 – 65 9454B -14.7 -24.8 10.2x
457 60 – 65 9454C -15.1 -24.5 9.4x
485 65 – 70 9455A -15.1 -24.6 9.4x
485 65 – 70 9455B -14.1
500 70 – 75 9456A -15.0 -24.6 9.6x
500 70 – 75 9456B -15.2
500 70 – 75 9456C -15.2
524 80 – 85 8830A -13.4 -24.4 11.0
524 80 – 85 8830B -13.1 -24.7 11.5
524 80 – 85 8830C -13.1 -24.4 11.3
593 90 – 100 9295A -15.3
593 90 – 100 9295B -13.4 -24.5 11.1
593 90 – 100 9295D -14.3 -25.2 10.9
593 105 – 110 9295F -14.0 -25.4 11.3
Toé Cave 1S0E 539 115 – 120 8831B -12.1 -24.0 11.9
Kria Cave 0N0E 744 65 – 70 9201C -24.1
865 130 – 135 9190A -24.4
aINSTAAR Amino Acid Laboratory code (AAL).
bValues that fall 1.0*IQR beyond the 25 and 75 % quartiles of D13C values observed amongst modern
Casuarius eggshells are indicated by the superscript ‘x.’
(
† 
x  = -12.9 ± 1.6 ‰, n = 46) in the calcite fraction.  There is a statistically significant
positive linear correlation (P < 0.0001) between the d13C of the two fractions (Fig 5.24).
Statistically significant differences are observed in both the organic (P < 0.0001) and
calcite (P < 0.0001) d13C analyses across both space (i.e. between sites) and time (i.e.
Pleistocene, Holocene groups) (Table 5.18, Figs 5.25 & 5.26).  Amongst the organic
d13C values those of Pleistocene eggshells from Lemdubu are significantly more
positive than those from all other sites.  The Holocene Ayamaru Plateau values are
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significantly more positive than those of the Pleistocene and Holocene eggshells from
the Aru Islands, and the Holocene Lemdubu values are more negative than those of
Nabulei Lisa during the Pleistocene.  The spatial and temporal trends are far simpler
amongst the d13C values of calcite: the Lemdubu Pleistocene values are significantly
more positive than those of all other spatial and temporal groups.











Lemdubu 1 0 – 8 8553A -13.8 -24.14 10.3x
1 0 – 8 8553B -13.6 -24.82 11.2
1 0 – 8 8553C -13.8 -25.08 11.2
2 8 – 13 8554A -13.4 -24.52 11.1
2 8 – 13 8554B -13.8 -25.06 11.3
4 18 – 23 8713A -13.0 -25.59 12.6
4 18 – 23 8713B -13.1 -25.05 12.0
17 83 – 88 8557A -10.6 -23.49 12.9
18 88 – 93 8558A -11.0
19 93 – 98 8559A -9.7 -22.50 12.8
19 93 – 98 8559B -11.4 -23.63 12.2
19 93 – 98 8559C -11.7 -23.39 11.7
19 93 – 98 8559D -9.9 -22.77 12.9
19 93 – 98 8559E -10.1 -22.75 12.7
19 93 – 98 8559F -10.6 -22.83 12.3
20 98 – 102 8560A -10.0 -22.58 12.6
20 98 – 102 8560B -10.2 -22.52 12.3
Nabulei Lisa 9 21.5 – 24.5 8784A -14.4 -25.2 10.8
9 21.5 – 24.5 8784B -14.8 -25.0 10.2x
11 27.5 – 30.5 8785A -14.1 -25.0 10.9
19 46.5 – 50.2 XU19A -13.4
19 46.5 – 50.2 XU19B -12.9
19 46.5 – 50.2 10078A -12.9 -24.8 12.0
25 64 – 68.5 8786A -15.8 -25.0 9.2x
26 68.5 – 71 8787A -16.0 -25.4 9.4x
27 71 – 72.5 10079A -13.1 -24.8 11.7
27 71 – 72.5 XU27B -14.2
28 72.5 – 76 XU28A -14.5
28 72.5 – 76 XU28B -13.1
28 72.5 – 76 10080A -15.6 -24.8 9.3x
28 72.5 – 76 10081A -12.8 -24.4 11.5
29 76 – 79 XU29L -16.0
29 76 – 79 XU29D -14.2
32 84 – 86.2 8788A -16.1 -24.9 8.8x
34 90 – 93 8789A -13.5 -24.0 10.5
aINSTAAR Amino Acid Laboratory code (AAL).
bValues that fall 1.0*IQR beyond the 25 and 75 % quartiles of D13C values observed amongst modern
Casuarius eggshells are indicated by the superscript ‘x.’
































































































































Figure 5.24 Linear regressions describing the relationships between the carbon, nitrogen and oxygen
isotope values of Casuarius eggshells from archaeological sites.  Regression statistics are indicated on the
plots (correlation co-efficients and P values) and in the Appendices (Table A.4).



































































Figure 5.25 Carbon isotope values of Casuarius eggshell calcite grouped according to age and site.
































































Figure 5.26 Carbon isotope values of the organic fraction of Casuarius eggshells grouped according to
age and site.  Letters in parentheses signify Holocene (H) and Pleistocene (P) groupings.
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Table 5.18 Carbon isotope values of Casuarius eggshells grouped according to age and site.  Results of
least-squares distance t-tests are indicated by superscripts.  Mean d13C values, associated standard error
and sum of weights (w) are shown.
Site
Ayamaru Plateau Lemdubu Nabulei Lisa
Fraction Holocene Pleistocene Holocene Pleistocene Holocene Pleistocene
Calcite -12.9 ± 0.3 -13.5 ± 0.3 -13.5 ± 0.3 -10.5 ± 0.3a -13.6 ± 0.4 -13.7 ± 0.3
w 7 7.5 6 9.5 4 5.5
Organic -23.9 ± 0.2b -24.7 ± 0.1 -25.0 ± 0.2c -22.9 ± 0.1a -25.0 ± 0.2 -24.4 ± 0.2
w 6 7 6 9 3 3
aThis value is significantly different from all others.
bThis value is significantly different from all others except the Pleistocene Nabulei Lisa values.
cThis value is significantly different from the Pleistocene Aru Island and Holocene Ayamaru values.
5.11.4   Nitrogen isotope ratios in eggshells from archaeological sites
The accepted nitrogen isotope values of Casuarius eggshells from the archaeological
sites range from 1.0 to 8.4 ‰ with an mean of 4.1 ± 1.8 ‰ (n = 35).  These values are
listed in Tables 5.19 and 5.20 and presented in Figure 5.27.  While there is no
significant correlation (P = 0.6620) between d13C and d15N values (Fig 5.24) there are
significant spatial and temporal trends in the d15N dataset (P = 0.0031) (Table 5.21).
The Holocene d15N values observed amongst the Ayamaru Plateau eggshells are
significantly lower than all others, and the Pleistocene Lemdubu values are higher than
the Ayamaru Plateau results.
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Toé Cave 2N1E 204 10 – 15 9277A 2.6 -7.4 9.9x
206 15 – 20 9278A 3.0 -7.4 9.3x
301 20 – 25 9279A 2.7 -7.4 11.8
311 25 – 30 8828A 1.4 -7.4 11.4
311 25 – 30 8828B 2.0 -7.5 11.4
311 25 – 30 8828C -9.2
311 25 – 30 8828D 2.6 -6.9 9.3x
326 30 – 35 9296A 1.9 -8.0 12.1
342 35 – 40 9280A 1.8 -7.2 8.7x
383 45 – 50 9283A 1.0 -6.8 10.6
454 60 – 65 8829A 4.5 -6.4 9.2x
454 60 – 65 8829B 3.2 -6.5 9.8x
454 60 – 65 8829C 2.4 -6.9 9.8x
457 60 – 65 9454B 1.2 -6.5 10.2x
457 60 – 65 9454C 2.8 -6.4 9.4x
485 65 – 70 9455A 7.0 -6.5 9.4x
485 65 – 70 9455B -5.9
500 70 – 75 9456A 8.3 -6.4 9.6x
500 70 – 75 9456B -6.7
500 70 – 75 9456C -6.6
524 80 – 85 8830A 4.3 -7.2 11.0
524 80 – 85 8830B 6.4 -7.1 11.5
524 80 – 85 8830C 2.8 -7.0 11.3
593 90 – 100 9295A -5.7
593 90 – 100 9295B 5.2 -5.4 11.1
593 90 – 100 9295D 3.5 -9.4 10.9
593 105 – 110 9295F 1.1 -7.3 11.3
Toé Cave 1S0E 539 115 – 120 8831B 2.6 -5.7 11.9
Kria Cave 0N0E 744 65 – 70 9201C 3.4
865 130 – 135 9190A 1.3
aINSTAAR Amino Acid Laboratory code (AAL).
bValues that fall 1.0*IQR beyond the 25 and 75 % quartiles of D13C values observed amongst modern
Casuarius eggshells are indicated by the superscript ‘x.’
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Lemdubu 1 0 – 8 8553A 2.4 -7.3 10.3x
1 0 – 8 8553B 2.1 -6.8 11.2
1 0 – 8 8553C 3.2 -5.4 11.2
2 8 – 13 8554A 4.4 -6.0 11.1
2 8 – 13 8554B 3.6 -7.0 11.3
4 18 – 23 8713A 5.9 -5.7 12.6
4 18 – 23 8713B 7.8 -5.7 12.0
17 83 – 88 8557A 8.4 -1.8 12.9
18 88 – 93 8558A -2.5
19 93 – 98 8559A 5.5 -2.1 12.8
19 93 – 98 8559B 5.5 -0.6 12.2
19 93 – 98 8559C 7.0 -0.7 11.7
19 93 – 98 8559D 4.7 -2.4 12.9
19 93 – 98 8559E 4.4 -2.2 12.7
19 93 – 98 8559F 4.2 -1.8 12.3
20 98 – 102 8560A 4.2 -2.8 12.6
20 98 – 102 8560B 4.8 -3.0 12.3
Nabulei Lisa 9 21.5 – 24.5 8784A 4.4 -4.8 10.8
9 21.5 – 24.5 8784B 5.0 -5.0 10.2x
11 27.5 – 30.5 8785A 4.5 -4.7 10.9
19 46.5 – 50.2 XU19A -6.7
19 46.5 – 50.2 XU19B -6.4
19 46.5 – 50.2 10078A 5.9 -6.4 12.0
25 64 – 68.5 8786A 6.5 -4.0 9.2x
26 68.5 – 71 8787A 4.6 -6.3 9.4x
27 71 – 72.5 10079A 4.2 -4.3 11.7
27 71 – 72.5 XU27B -3.8
28 72.5 – 76 XU28A -3.9
28 72.5 – 76 XU28B -4.4
28 72.5 – 76 10080A 6.3 -5.0 9.3x
28 72.5 – 76 10081A 5.3 -6.4 11.5
29 76 – 79 XU29L -6.7
29 76 – 79 XU29D -6.6
32 84 – 86.2 8788A 4.0 -6.3 8.8x
34 90 – 93 8789A 4.0 -2.2 10.5
aINSTAAR Amino Acid Laboratory code (AAL).
bValues that fall 1.0*IQR beyond the 25 and 75 % quartiles of D13C values observed amongst modern
Casuarius eggshells are indicated by the superscript ‘x.’

































































Figure 5.27 Nitrogen isotope values of Casuarius eggshells grouped according to age and site.  Letters
in parantheses signify Holocene (H) and Pleistocene (P) groupings.
Table 5.21 Nitrogen isotope values of Casuarius eggshells grouped according to age and site.  Results
of least-squares distance t-tests are indicated by superscripts.  Mean d15N values, associated standard error
and sum of weights (w) are shown.
Site
Ayamaru Plateau Lemdubu Nabulei Lisa
Holocene Pleistocene Holocene Pleistocene Holocene Pleistocene
1.9 ± 0.6a 3.7 ± 0.6 4.5 ± 0.6 5.4 ± 0.5b 4.9 ± 0.8 4.5 ± 0.8
w 6 7 6 9 3 3
aThis value is significantly different from all others.
bThis value is significantly different from the Ayamaru Plateau values.
5.11.5   Oxygen isotope ratios in eggshells from archaeological sites
The oxygen isotope values of Casuarius eggshells from the archaeological sites (Table
5.19 and 5.20) range from -0.6 to -9.4 ‰ and have an average of -5.3 ± 2.2 ‰ (n = 46).
Positive significant relationships are observed between d13C values of both the organic
and calcite fractions and the d18O of eggshell calcite, and between paired d18O and d15N
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values (Fig 5.24).  One-way ANOVA indicates that there are significant differences in
d18O between the spatial and temporal groups (P < 0.0001) (Table 5.22).  The Ayamaru
Plateau d18O values are significantly lower than those of the Aru Islands with the
exception of the Holocene values of Lemdubu: a significant difference is not observed
between the Pleistocene Ayamaru Plateau values and the Holocene values of Lemdubu.
Amongst the Aru Islands values, the Pleistocene values of Lemdubu are significantly
more positive than all others, and the Holocene Lemdubu values are significantly more
positive than the Pleistocene Aru Islands values.  These statistics emphasise the lack of
Ayamaru Plateau eggshells with d18O values greater than -5.0 ‰ and the remarkably

































































Figure 5.28 Oxygen isotope values of Casuarius eggshells grouped according to age and site. Letters in
parantheses signify Holocene (H) and Pleistocene (P) groupings.
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Table 5.22 Oxygen isotope values of Casuarius eggshells grouped according to site and age.  Results of
least-squares distance t-tests are indicated by superscripts.  Mean d18O values, associated standard error
and sum of weights (w) are shown.
Site
Ayamaru Plateau Lemdubu Nabulei Lisa
Holocene Pleistocene Holocene Pleistocene Holocene Pleistocene
-7.3 ± 0.4 -6.9 ± 0.4 -6.1 ± 0.4b, c -2.0 ± 0.3a -5.6 ± 0.5b -4.7 ± 0.4b
w 7 7.5 6 9.5 4 5.5
aThis value is significantly different from all others.
bThis value is significantly different from those of Ayamaru Plateau.
cThis value is significantly different from the Pleistocene Nabulei Lisa values.
5.12 INFERENCES FROM THE ISOTOPE RATIOS OF EGGSHELLS
5.1.1   Geographical trends in nitrogen isotope ratios
No temporal trends of palaeoenvironmental significance are identified in the d15N
values of Casuarius eggshells.  There is a small (c. 2 ‰) difference between the
weighted mean Pleistocene and Holocene Ayamaru Plateau d15N values, with the older
eggshells exhibiting the more positive values, but there is also a 2 ‰ overlap between
the two datasets that incorporates all of the Holocene values.  Hence, it is inferred there
is no significant shift in the factors controlling eggshell d15N values.  Similarly, there is
no perceivable difference between the Pleistocene and Holocene d15N values of Aru
Islands eggshells.
In contrast, significant between-site differences in d15N attributable to the proximity of
coastlines and/or effective moisture are observed.  The position of a site relative to the
coast is of isotopic significance because sea-spray is enriched in 15N as a result of
marine denitrification.  For example, Virginia & Delwiche (1982) observed the leaves
of near-coastal (< 1.5 km) non-nitrogen fixing plants to be slightly more enriched
(c. 1 ‰) than those farther inland (8 km), a trend that may be a consequence of sea-
spray nitrogen deposition.  Similarly, Heaton (1987) noted that plants in coastal
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communities commonly have high d15N values although other factors (especially
rainfall) were considered important controls on d15N values.  As the Aru Islands have
always been closer to the ocean than the Ayamaru Plateau the influence of sea-spray
d15N and its transfer through the ecosystem to Casuarius and its eggshell is a plausible
explanation for the small (c. 2 ‰) inter-locality trends.
The other possible explanation for the between-locality trends in eggshell d15N draws
upon field evidence for a relationship between rainfall and foliar d15N (Heaton, 1987,
Austin & Sala, 1999, Handley et al., 1999).  At present mean annual rainfall is higher
over the Ayamaru Plateau (4000 – 5000 mm yr-1) than the Aru Islands (2000 – 3000
mm yr-1) and the Casuarius eggshell d13C and d18O records suggest that the Ayamaru
Plateau has been wetter than the Aru Islands throughout the record under investigation
(see Section 5.10.6 below).  From the field evidence it has been established that foliar
d15N is negatively related to rainfall in a linear fashion with a slope of approximately
-3 ‰/1000 mm.  However, there is a problem extrapolating from this relationship to the
present study because the foliar d15N-precipitation relationship has not been established
in settings above 1500 mm yr-1 rainfall, thus its applicability to the rainforest habitat of
Casuarius is not clear.  This is perhaps why the expected difference (6 ‰) in eggshell
d15N values is much larger than the observed difference (c. 2 ‰) yet in the expected
direction.
5.12.2   Factors controlling the d13C values of Casuarius eggshells
In order to interpret the subtle yet significant shifts in the d13C values of Casuarius
eggshells between sites and over time it is necessary to identify the context-specific
controls on carbon isotope ratios in the Casuarius diet.  As this diet consists of the fruits
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of C3 rainforest plants these controls are likely to relate to the isotopic discrimination
that takes place upon the assimilation of CO2 by the leaves of this vegetation.  However,
modelling the d13C of the leaves of rainforest plants through the d13C of Casuarius
eggshells is complicated by uncertainties regarding isotopic discrimination that takes
place when carbon is transferred from photosynthetic tissues to fruits.  However, from
isotope analyses of commercial produce (e.g. Jamin et al., 1998) is it known that the
carbon isotope ratios of fruits and their constituents (e.g. pulp, sugars, proteins, malic
acid, citric acid) are similar and closely resemble the d13C value expected of the parent
plant.  It is therefore assumed that the d13C of the Casuarius diet will be dominated by
the factors that control the discrimination against 13C in the C3 plants of its rainforest
habitat.
From the work of Farquhar et al. (1982, 1989) the d13C of leaves of C3 plants can be
modelled in terms of the d13C of atmospheric CO2, the ratio of the concentration
(ppmV) of intercellular CO2 to ambient CO2, and the enzymatic fractionation that
occurs during the synthesis of cellulose:
d13Cplant = d
13Catmosphere - a - (b - a)ci/ca Eqn. 5.1
where the subscripts ‘plant’ and ‘atmosphere’ refer to carbon in these respective pools,
a  and b are constants for the isotopic discrimination by diffusion of CO2 into the
stomata (4.4 ‰) and RUBISCO (27 ‰), and ci/ca = the ratio of intercellular to
atmospheric CO2 concentration (ppmV).  In the context of this model the rainforest
canopy is an important consideration because it influences ci/ca and d
13Catmosphere by
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limiting sunlight and by inhibiting mixing of CO2 generated by the forest with
atmospheric CO2, respectively.
Evidence for the influence of light on d13C values comes from the field surveys of
Mulkey (1986) and Ehleringer et al. (1986).  Using photon flux to measure light
intensity these authors observed a positive correlation between leaf d13C and exposure
to sunlight.  Mulkey was able to maintain conditions of constant humidity and soil
moisture thereby reducing the likelihood that the d13C trends were a response to water
limitations.  The degree to which CO2 derived from soil respiration is mixed with
atmospheric CO2 is of isotopic significance because these two sources differ in their
d13C values.  As can be seen in the CO2 records of Figure 5.29a, the d
13C of present and
past atmospheric CO2 is between approximately -6.5 and -7.0 ‰.  Under the canopies of
tropical rainforests van der Merwe & Medina (1989) have observed a positive
relationship between the d13C of ambient CO2 and height above ground, ranging from
-13 ‰ (0 m) to -9 ‰ (15 m).  Considering this gradient of CO2 d
13C values beneath the
canopy, Equation 5.1 predicts that the degree to which soil-respired CO2 is mixed with
atmospheric CO2 is an important control on the ratio of carbon isotopes in the CO2
assimilated by the leaves of understorey vegetation.
These mechanisms (known as the ‘canopy effect’) have previously been taken into
consideration as part of palaeodiet reconstructions using carbon isotope ratios (Gröcke,
1997, Koch et al., 1998) but in the present research their influence is expected to be
mitigated by the browsing habits of Casuarius.  Despite being a ground-dwelling bird
the fruits consumed by cassowaries are primarily those that have been knocked to the
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Figure 5.29 Trends in (a) the d13C and concentration of atmospheric CO2 from ice cores, and (b)
expected C3 plant d13C values and the reconstruction of C3 plant d13C values from stable carbon isotope
ratios in Casuarius eggshells. Atmospheric CO2 data from Friedli et al. (1986), Monnin et al. (2001) and
Indermühle et al. (1999).  Expected d13C values for C3 photosynthate estimated for intercellular to
atmospheric CO2 ratios (ci/ca) of 0.6 and 0.7 and the CO2 d
13C values of plot (a) using the carbon isotope
discrimination equation of Farquhar et al. (1982).  Smoothing splines are fitted to the expected plant d13C
values to accentuate the trends.  The carbon isotope ratios of plants whose fruits are consumed by
Casuarius are estimated from the organic fraction d13C values in modern and radiocarbon-dated
Casuarius eggshells assuming the diet-tissue offset is 2 ‰.
forest floor from tree crowns by fruit bats and frugivorous pigeons (Crome, 1975, Pratt,
1983).  For example, Stocker and Irvine (1983) cite nearly 80 species in the diet of
C. casuarius over a two-year period, 85 % of which had fallen from the middle or upper
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canopy.  Therefore, although important in terms of explaining the carbon isotope ratios
of leaves in a rainforest, it is not clear to what extent isotopically light d13C values
resulting from the ‘canopy effect’ will be reflected in the d13C of the Casuarius diet.
Due to its diversity, the Casuarius diet integrates the carbon isotopic composition of
rainforest vegetation on a variety of scales.  The consumption of middle and upper
canopy fruits serves to make the diet diverse on a vertical (canopy) scale.  Although
some fruits are more important than others (e.g. Lauraceae, Crome, 1975) the large
variety of species consumed makes the diet diverse on a taxonomic scale, and due to the
characteristically large home range and nomadic foraging habits (Marchant & Higgins,
1990) the diet is also broad in terms of its geographical coverage.  These factors
combine to make the d13C of Casuarius tissues, such as its eggshells, an effective
monitor of community-wide changes in the d13C of vegetation, insensitive to changes
that may be peculiar to isolated areas or plant species.
5.12.3   Expected versus observed temporal trends in d13C values
Equation 5.1 predicts that the shifts in the d13C and concentration of atmospheric CO2
have isotopic consequences for the d13C of C3 plants (and by corollary the tissues of
animals that assimilate their carbon).  The Antarctic ice core records of Friedli et al.
(1986), Monnin et al. (2001) and Indermühle et al. (1999) in Figure 5.29a depict the
shifts in the d13C and concentration of CO2 in the atmosphere that have taken place over
the last 30,000 years.  The atmospheric concentration of CO2 was about 200 ppmV from
30,000 to 17,000 years, increasing to around 275 ppmV across the post-glacial
transition and then remained at this concentration throughout the Holocene.
Throughout the Pleistocene record the d13C of CO2 ranged from about -6.5 to -7.0 ‰,
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increasing across the post-glacial transition to establish a value of about -6.5 ‰ for the
Holocene, with Early Holocene values tending to be more positive than those of the
subsequent interval.
With the values for d13Catmosphere in Figure 5.29a and estimates of ci/ca it is possible to
calculate expected d13C values for C3 plants over the last 30,000 years.  As the ratio of
the concentration of intercellular to atmospheric CO2 observed in the laboratory
experiments of Polley et al. (1993) fell between 0.6 and 0.7 these numbers provide
conservative end-members for ci/ca.  Solving Equation 5.1 with these parameters, two
sets of expected d13C values for C3 plants over the last 30,000 years are presented in
Figure 5.29b, one for each estimate of ci/ca.  In this figure the d
13C values expected of
C3 plants are compared to the reconstruction of C3 plant d13C values from Casuarius
eggshell d13C values.  These values are reconstructed assuming the diet-tissue offset for
the d13C of the organic fraction of Casuarius eggshell is 2 ‰ (Chapter 3).  As sample
age must be known in order to place these values on the same time line as the expected
plant d13C values, the eggshell reconstruction is limited to radiocarbon-dated eggshells
and modern specimens of known collection date.  The d13C values of the organic
fraction are used rather than those of eggshell calcite because the diet-tissue offset is
smaller for this fraction, and the d13C values are less variable (Section 5.9.1).  From the
least-squares difference t-tests (Table 5.18) it is known that the statistically significant
trends in the d13C values of calcite are also present in the organic fraction dataset.
The majority of adjusted Casuarius eggshell d13C values fall within the range of
expected C3 vegetation d13C values.  There are, however, several eggshells that feature
d13C values more negative than expected.  The reason for this is not clear but include
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the ‘canopy effect’ and a slight overestimate of the diet-tissue offset.  The relatively low
d13C values inferred from modern Casuarius eggshells may relate to the uptake of
isotopically light industrial atmospheric CO2 by plants.  Overall, the general agreement
between the adjusted Casuarius eggshell d13C values and expected C3 plant d13C values
indicates that the former is a suitable proxy for the latter variable.
Apparent in Figure 5.29b and reiterated in the mean values of Table 5.18 is a large shift
of at least 2 ‰ in d 13C between Late Holocene and Pleistocene eggshells from
Lemdubu, with the older eggshells featuring more positive values.  This shift is
significant because it exceeds the contrast between expected d13C values of Holocene
and Pleistocene C3 plants.  The shifts in d13C values of vegetation of the Aru Islands
therefore appear to have varied independently of the global shifts in the concentration
and d13C of atmospheric CO2.  From the similar but much more subtle Holocene-
Pleistocene trend in the Ayamaru Plateau d13C values it is inferred that the force/s
responsible for this obtuse trend did not uniformly influence the entire region.  Three
potential explanations for the contrast between Holocene and Pleistocene d13C values in
the Aru Islands eggshells are offered.  These relate to (1) the influence of moisture on
plant d13C values, (2) the canopy effect, and (3) the possible influence of changes in
floristic communities on the d13C values of Casuarius eggshells.
Moisture stress is registered in the d13C of C3 plant tissues because leaf stomata govern
the transfer of both water and CO2 in and out of the leaf.  In response to moisture stress
plants close their stomata to conserve water and the resulting reduction in the
intercellular concentration of CO2 (ci in Eqn. 5.1) has the effect of increasing the d
13C of
photosynthate.  It is therefore conceivable that the more positive d13C values observed
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in the Pleistocene Casuarius eggshells from Lemdubu were produced by a decrease in
stomatal conductance in response to moisture stress.  The size of the Holocene-
Pleistocene contrast in d13C accords with the small yet significant (< 4 ‰) change in
d13C expected in response to moisture stress (Tieszen, 1991).
Alternatively, a reduction in the ‘canopy effect’ can conceivably enrich rainforest plants
and the tissues of organisms that subsist upon them in 13C.  A reduction in the ‘canopy
effect’ may be brought about by either opening of the canopy (i.e. a discontinuous
canopy) or it could be produced by increased patchiness (i.e. small stands of rainforest
vegetation).  A discontinuous canopy would let in more sunlight and promote mixing of
atmospheric CO2 with respired CO2, as would an increase in patchiness.  Given the
competition amongst rainforest plants for access to sunlight it is difficult to conceive a
Casuarius habitat with a discontinuous canopy.  Therefore, increased patchiness of
rainforest stands is a more likely mechanism for reducing the ‘canopy effect’ in the
Pleistocene vegetation communities of the Aru Islands.  The relatively high d13C values
in Pleistocene eggshells from the Aru Islands are therefore consistent with both
increased moisture stress and a reduction in the canopy effect.
It should also be noted that a change in the species composition of the Casuarius diet is
capable of producing shifts in eggshell d13C values.  For example, a greater contribution
of understorey fruits to the diet of Casuarius during the Holocene resulting from a
change in the plant composition would produce the observed shift in Lemdubu d13C
values.  Alternatively, the observed d13C shift would be produced if the number of
canopy crown fruits knocked to the ground by frugivores promoted the consumption of
these fruits relative to understorey fruits during the Pleistocene.  However, the problem
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with these suggestions is that they counter the idea promoted above that the Casuarius
diet effectively integrates rainforest d13C signals across both spatial and taxonomic
scales.  Considering this, community-wide shifts in the d13C values of C3 plants brought
about by changes in effective moisture or the canopy effect offer more practical
explanations for the changing d13C values of Casuarius eggshells.
5.12.4   Integrating d13C values and archaeofauna trends
The most detailed information on the palaeoenvironments of the Ayamaru Plateau and
Aru Islands is provided by the archaeofauna sequences of Pasveer, Aplin and their
colleagues (Pasveer & Aplin, 1998, O'Connor et al., forthcoming-b).  Their findings are
summarised in Figure 5.30.  The archaeofauna in the Lemdubu sequence indicates that
open grassland and closed forest have existed in the vicinity of the site throughout the
period of human occupation (O'Connor et al., forthcoming-b).  However, a relatively
high abundance of bandicoots (small marsupial grazers) in the Pleistocene excavation
units of Lemdubu (XU 17 – 25) suggests the contraction of rainforest in favour of
expansion of savannah during this period.  The occurrence of rainforest dwellers such as
species of Thylogale and cuscus indicate that closed forest was present in the vicinity of
the site at this time, perhaps reduced to water courses and the margins of the Aru
plateaus (O'Connor et al., forthcoming-b).  Similarly, at Nabulei Lisa a decrease in the
abundance of Macropus agilis bones (a tropical grassland kangaroo) over the post-
glacial period contrasts with an increase in cuscus abundances, testifying to the closure
of grasslands between about 16,000 and 10,500 cal years BP (Fig 5.30, Table 5.4).
Thus, there is evidence that the Aru Islands have always been host to a mosaic of
vegetation types but during the Pleistocene this was more biased towards open
communities than during the Holocene.
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Figure 5.30 Archaeofauna trends in archaeological sites of the Ayamaru Plateau and Aru Islands.  Data
courtesy of J.M. Pasveer and K.A. Aplin.  See also O’Connor et al. (forthcoming-b) and Pasveer & Aplin
(1998).
Both Toé Cave and Kria Cave are surrounded by lowland rainforest today but feature
the skeletal remains of montane rainforest animals in their lowermost excavation units
(Pasveer & Aplin, 1998).  The montane animals represented in the archaeofauna of both
sites include tree kangaroos (Dendrogalus spp.), Stein’s cuscus (Phalanger vestitus) and
the Arfak ringtail (Pseudochirulus schlegelii).  In addition, the Toé Cave sequence
features Dorcopsulus spp., Pseudochirops coronatus, Dactylopsia palpatory and
Woolly Rat (Mallomys sp.) remains, and the montane megapode, Aepypodius
arfakianus is represented at Kria Cave but not at Toé Cave.  These faunal elements are
evidence that the lower montane rainforest that currently exists down to an altitude of
approximately 1000 m above sea-level once existed at a lower elevation.  The montane
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fauna was recovered from excavation units dated between 15,000 and 24,000 cal years
BP at Toé Cave, and prior to approximately 7,000 cal years BP at Kria Cave.
In summary, on the Aru Islands a contraction of grasslands and expansion of rainforest
is observed between 15,000 and 10,000 cal years BP, while on the Ayamaru Plateau a
shift from montane rainforest to lowland rainforest is observed with the earliest
occurrence of the latter vegetation type dating to sometime prior to 7,000 cal years BP.
The relatively consistent d13C values observed in Ayamaru Plateau Casuarius eggshells
accords with the continuing presence of closed canopy rainforest throughout the period
of observation.  In contrast, the archaeofauna record from the Aru Islands attests to a
significant post-glacial shift in vegetation communities towards a closed canopy
vegetation structure.  Of the explanations offered for the Pleistocene-Holocene contrast
in d13C values, this shift in vegetation structure is consistent with (1) a possible trend
towards less moisture stress and (2) a possible increase in the ‘canopy effect’.  The link
between the ‘canopy effect’ and vegetation structure is obvious.  The open vegetation
communities may also be indicative of increased moisture stress because in low
elevation settings across northern Australasia the rainfall regime exhibits a dominant
control on the structural expression of the vegetation (Nix & Kalma, 1972).
Accordingly, open vegetation at low altitudes can be considered indicative of reduced
rainfall.
5.12.5   Factors controlling the d18O values of Casuarius eggshells
Due to the responsiveness of the d18O values of eggshells to the oxygen isotope values
of drinking water (Chapter 3), changes in the d18O values of rainfall over Casuarius’
tropical habitat are expected to be reflected in the d18O values of the birds’ eggshell
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calcite.  However, extrapolating from the d18O values of Casuarius eggshells to the
d18O values of drinking water and the precipitation from which this resource is derived
is complicated by several factors.  First, the flux and d18O values of oxygen obtained
from the fruit consumed by Casuarius to its body water is unknown.  However, (1) the
d18O values of fruit juice is known to rapidly respond to the d18O values of precipitation
(Dunbar, 1982), (2) the d18O values of fruit juice is known to vary on regional scales
(Simpkins et al., 1999) presumably in response to the d18O values of precipitation and
isotopic enrichment upon evapotranspiration, and (3) the d18O value of cellulose is
known to correlate with the d18O value of water used by the plant (DeNiro & Epstein,
1979).  So although the contribution of oxygen in the fruits consumed to the d18O values
of eggshells is not known, a positive correlation with the d18O values of precipitation is
likely.
Secondly, the degree of isotopic modification that rainfall undergoes before and during
its residence in the landscape as surface water is unknown.  As mentioned in the
introduction, the higher humidity of Casuarius’ tropical habitat differentiates this study
from previous research on the isotopic ratios of ratite eggshells.  The higher humidity is
expected to reduce (but not necessarily eliminate) the influence of evaporation and
evapotranspiration on d18O values in Casuarius habitat.  Increased evaporation of
surface water (e.g. over the low rainfall months between the monsoon and Casuarius
breeding season) is expected to drive the d18O value of drinking water towards more
positive values.  As the isotopic effect of evaporation will be more pronounced under
conditions of reduced rainfall and decreased humidity, more positive d18O values are
expected in Casuarius eggshells representing relatively dry climates, especially when
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combined with the correlation that exists between the amount and d18O value of rainfall
in tropical locations.
In tropical island settings the d18O values of precipitation is closely correlated with the
intensity of precipitation.  On a global scale, correlations between the d18O values of
precipitation and temperature, rather than the amount of precipitation, are commonly
observed.  The relationship to the amount of precipitation in near-equatorial settings is a
product of the efficiency of monsoonal cloud systems and temperatures that are
approximately constant throughout the year (Dansgaard, 1964).  Each precipitation
event removes from the cloud mass water that is enriched in 18O, thereby producing a
residual cloud mass that becomes increasingly depleted in 18O with each rainfall event.
This is the mechanism responsible for producing precipitation with highly negative d18O
values in large convective storms, such as tropical cyclones (Lawrence et al., 1998).
The ‘amount effect’ is apparent in the GNIP (Global Network of Isotopes in
Precipitation) records from Darwin, northern Australia (1962 – 2000, 94 % complete).
Darwin is a coastal city located approximately 800 km to the southeast of the Aru
Islands across the Arafura Sea.  These GNIP records are presented in Figure 5.31.  The
wet season is typified by the most isotopically light rainfall.  Conversely, the dry season
is characterised by rainfall relatively enriched in 18O (the small number of dry season
records makes the d18O record for this time of year susceptible to bias: the unusual
mean d18O value for July is based on two data points).  Accordingly, a significant linear
correlation is observed between the amount and d18O values of rainfall but such a
relationship is not observed between rainfall and temperature.
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5.12.6   Palaeoenvironmental inferences from d18O values
The d18O values of Ayamaru Plateau eggshells do not exhibit any well-defined temporal
trends.  Instead, the d18O values are consistent throughout time, which when interpreted
in terms of the amount of rainfall and humidity, means that meteorological system
responsible for delivering moisture to the site has been consistent over the Plateau
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Figure 5.31 Positive correlation between the mean monthly rainfall and d18O of precipitation observed
at Darwin (IAEA/WMO, 2001).
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eggshells are relatively positive during the Pleistocene and negative during the
Holocene, at which time values similar to those at the Ayamaru Plateau are observed.
Furthermore, the tendency for the Ayamaru Plateau d18O values to be more negative
than those of the Aru Islands is consistent with the modern pattern of heavier rainfall
over the Bird’s Head.
Although some regions of the equatorial western Pacific experienced an effective
glacial monsoon, it is more likely that stability in the humidity/rainfall over the
Ayamaru Plateau is a simple function of topography.  Many marine core palynological
sequences from the study area depict reduced rainfall during the glaciation (van der
Kaars, 1991, Barmawidjaja et al., 1993, van der Kaars et al., 2000, Kawahata et al.,
2002), yet pollen records from sites in the New Guinea highlands (Walker & Flenley,
1979, Hope, 1983) and Sunda (the landmass to the east of the study area consisting of
the Indonesian chain, Borneo and the Malay peninsula during times of low sea level)
(Newsome & Flenley, 1988, Stuijts et al., 1988, Visser et al., 2004) fail to reveal
moisture-driven changes between Pleistocene and Holocene vegetation communities.
While the Sunda records may reflect an active glacial monsoon system, the maintenance
of moist conditions in sites such as the Birds Head and highland New Guinea are
considered a response to the mountainous relief of the area (see Fig 5.6).  The
mountainous topography is efficient at intercepting moisture-laden winds that originate
over the Indonesian maritime landmass, producing orographic rainfall.  In contrast, the
Aru Islands, with a maximum elevation of approximately 80 m, fail to impede the
eastward transport of moisture-bearing winds, and are thus more sensitive to changes in
the effectiveness of monsoon precipitation.  This sensitivity makes the d18O values of
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the Aru Islands Casuarius eggshells a suitable index for monitoring the activity of the
Australasian monsoon.
Of the contrasts in d18O values between and within sites, the offset between the d18O
values in Pleistocene and Holocene Casuarius eggshells from Lemdubu is the most
dramatic.  Casuarius eggshells from Lemdubu with more positive (>  -3 ‰) d18O values
feature radiocarbon ages of approximately 20,000 cal years BP (Fig 5.32a).  A similarly
relatively positive d18O value (-2.2 ‰) occurs towards the base of the Nabulei Lisa
sequence and has a calibrated radiocarbon age of approximately 15,800 cal years BP
(OZF518).  The problem with drawing inferences from this particular specimen is that
its D 13C fell outside the range of accepted values.  As the extent of isoleucine
epimerisation in this specimen was not anomalously high as plotted against paired A/I
values and radiocarbon ages of other eggshells (Fig 5.18) it is unlikely the specimen
suffers diagenetic alteration due to being extensively ‘burnt’.  If the d18O value is
accepted it plays an important role in confining the timing of the shift from relatively
positive to more negative d18O values.  The oldest specimens with relatively negative
d18O values come from Nabulei Lisa and have radiocarbon ages of approximately
12,500 and 12,300 cal years BP (AA-32849, OZF848) and d18O values of about -6 ‰.
The more positive d18O values are generally several per mil more positive than those of
the younger specimens.  Considering the relationship between the amount of rainfall
and its d18O values and the isotopic influence of evaporation, the switch from relatively
high to low d18O values between 12,500 and 15,800 cal years BP (see Fig 5.32a) is
consistent with an increase in precipitation and humidity over the Aru Islands across
this period.
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Figure 5.32 Records of relatively wet and dry phases in northern Australasia over the last 30,000 years.
Casuarius eggshell calcite d18O values are presented in (a).  Ostracod strontium isotope ratios (McCulloch
et al., 1989) and dust flux (De Deckker et al., 1991) from Gulf of Carpentaria sequences are presented in
(b).  Records of sea level relative to present datum accumulated by Larcombe et al. (1995) and
Waelbroeck et al. (2002), and the depth of the Arafura Sill and Torres Strait are indicated in (c).  Black
symbols indicating plunge pool TL ages (Nott & Price, 1994, Nott et al., 1996, Nott & Price, 1999),
Gilbert River TL ages (Nanson et al., 1991), and Lake Gregory radiocarbon ages (Wyrwoll & Miller,
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2001) representing wet phases or pulses are presented in (d).  White symbols indicating TL ages for
aeolian activity in dune fields resulting from phases of increased aridity and marine transgression (Lees et
al., 1990, Lees et al., 1993, Shulmeister et al., 1993, Nott et al., 1999), along with TL ages for fan
deposition resulting from decreased stream power (Thomas et al., 2001), are presented in (d).
aAll ages are in calendar years with the exception of the Gulf of Carpentaria records in (b) and the sea-
level record of Larcombe et al. in (c), the ages of which are in radiocarbon years BP.
To permit their comparison, alongside the d18O values of Casuarius eggshells in Figure
5.32a other records of relative wet and dry phases across northern Australasia for the
last 30,000 years are presented.  While thermoluminescence (TL) ages obtained from
plunge pool beaches attest to the occurrence of episodically intense rainfall over
northern Australia for the period 15,000 – 30,000 years (Nott & Price, 1994, Nott et al.,
1996, Nott & Price, 1999) there are also several records that point towards drier
conditions at this time.  These records include TL ages for fan formation indicative of
reduced fluvial activity on coastal plains in the Cairns area (Thomas et al., 2001),
mobile sands in dunefields (Lees et al., 1990), and the periodic influx of aeolian sands
to the Carpentaria basin (De Deckker et al., 1991) (Fig 5.32d).
Marking a change in the climate system, beginning about 15,000 years ago, lakes in the
study region began to fill with freshwater reflecting an increase in precipitation
consistent with re-invigoration of the monsoon regime. Wyrwoll & Miller (2001)
reported radiocarbon ages on flood deposits at Lake Gregory, northwestern Australia,
suggesting reactivation of the monsoon by 14,000 cal years BP (Fig 5.32d).  Similarly,
strontium isotope ratios in ostracods from a Gulf of Carpentaria core (Fig 5.32b)
indicate freshwater filling of the former lake at this time (McCulloch et al., 1989).  The
87Sr/86Sr ratio reflects the balance of marine versus terrestrial water sources, thus the
decline in the ratio at around 11,000 cal years BP and concomitant influx of sand (De
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Deckker et al., 1991) indicate inundation of the Carpentarian Plain by post-glacial sea-
level rise.
Subsequent to these lake records of monsoon re-activation there are many TL ages that
cluster in the Early Holocene (c. 7.5 – 9 ka) (Fig 5.32d).  TL ages obtained from plunge
pool beaches attest to the occurrence of episodically intense rainfall over northern
Australia in the Early Holocene (Nott & Price, 1994, Nott et al., 1996, Nott & Price,
1999).  Similarly, TL ages on sandy Gilbert River palaeochannel infill representing a
fluvial regime more active than present also cluster in the Early Holocene (Nanson et
al., 1991).  These ages coincide with TL ages obtained on aeolian sediments across
northern Australia (Fig 5.32d).  Although some authors have considered the formation
of these particular aeolian features indicative of Early Holocene aridity (Nott et al.,
1999) the TL ages are more likely to reflect an increase in the sediment budget brought
about by rapidly rising sea-levels (Shulmeister et al., 1993, see the sea-level records in
Fig 5.32c).
Thus it would appear that across northern Australasia the monsoon regime was
reactivated soon after the height of the LGM and that it reached its greatest intensity in
the Early Holocene.  The increase in precipitation and humidity across the period
12,500 – 15,800 cal years BP drawn from the d18O values of Aru Islands Casuarius
eggshells is therefore consistent with the current understanding of the post-glacial
chronology of fluctuations in the strength of the Australasian monsoon.
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5.13 CONCLUSIONS
In this chapter results have been presented for (1) the temperature sensitivity of the rate
of isoleucine epimerisation in Casuarius eggshells, (2) the extent of isoleucine
epimerisation in Casuarius eggshells from two locations, the Ayamaru Plateau and the
Aru Islands, both of which are situated in tropical lowland settings in northern
Australasia, and (3) the stable carbon, oxygen and nitrogen isotope ratios of Casuarius
eggshells from these sites.  The interpretation of these results has been aided by
radiocarbon dates and information on the concentration of Thr + Ser and aIle + Ile for
selected eggshells.
Due primarily to their association with archaeological contexts, the A/I values of
Casuarius eggshells are of restricted utility for generating both geochronological
control and recording past temperatures.  The interpretation of A/I values in terms of
sample age is impaired by the influence of campfire heating events.  This problem can
be circumvented to some degree by targeting eggshells with relatively low A/I values
amongst eggshells of similar age.  However, despite the excellent correlation between
the extent of isoleucine epimerisation in Casuarius eggshells with relatively low A/I
values and their radiocarbon ages there is enough variability to render this relationship
unsuitable for deducing Pleistocene-Holocene temperature differences.
The carbon isotope ratios of Casuarius eggshells respond indirectly to changes in
precipitation via the influence of the ‘canopy effect’ and moisture stress on the d13C
values of plants.  The d18O values of eggshells are also expected to be influenced by
climate through the ‘amount effect’ and evaporation, and this shared link serves to
explain why statistically significant correlations exist between the d13C and d18O values
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of these eggshells.  Furthermore, this linkage explains why the most pronounced shifts
in the d13C values of Casuarius eggshells are reflected in their d18O values.
On the Aru Islands, the stable isotope results support the faunal assemblage evidence
for more open vegetation communities indicative of drier conditions in the area during
the Late Pleistocene.  With a temporal framework provided by Casuarius eggshell
radiocarbon ages and supporting amino acid analyses, the d13C and d18O results are
consistent with the evidence provided by previous researchers for an early re-activation
of the Australasian monsoon between about 16,000 and 12,500 cal years BP.
Amongst the Pleistocene specimens, observation of more negative Papuan Casuarius
eggshell d13C and d18O values relative to those from the Aru Islands led to the idea that
the mountainous relief of the Bird’s Head bolstered rainfall in this locality during the
Late Pleistocene despite a reduction in the strength of the monsoon regime.  Unlike the
Aru Islands results, the Toé and Kria Cave eggshell isotope ratios do not aid
identification of the processes responsible for the changes observed in the archaeofaunal
sequences of these sites.  Nonetheless, the Casuarius eggshell research has been
beneficial in palaeo-biogeographical terms because it has generated the chronological
control needed to confirm the Late Pleistocene antiquity of the montane elements of the
archaeofauna assemblage at the base of the Toé Cave sequence.
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Chapter 6 
Isoleucine Epimerisation and Stable Isotopes of the
Calcite of Megapode Eggshells from Hay Cave,
Northeastern Queensland, Australia
The [megapode] eggs are about four times the size of hens’ eggs, and are prepared and
eaten in the following original manner: The blacks, having first made a hole on one side
of the egg, place it on the hot ashes, and after a minute or two the contents begin to
boil… They dip into the egg the end of a cane that has been chewed so as to form a
brush, and use this as a spoon… As a rule there are chickens in them, but far from
being rejected these eggs are preferred to the fresh ones.
Lumholtz, writing in 1889 (1980, pp. 163-4).
6.1 INTRODUCTION
Hay Cave is an archaeological site situated in the Mitchell-Palmer limestone outcrop of
southeast Cape York Peninsula.  The archaeological record of this region of
northeastern Queensland includes numerous sites attesting to the Late Pleistocene
occupation of tropical Australia before the Last Glacial Maximum (Morwood & Hobbs,
1995b).  The Mitchell-Palmer and Chillagoe-Mungana limestone outcrops are located in
the interior of the region (Fig 6.1), approximately 150 km from the rainforested eastern
coast and 300 km from the shore of the Gulf of Carpentaria situated to the west across
open Eucalyptus woodlands.  The limestone outcrops are long linear ridges, and provide
land snails with an island habitat consisting of a moist microenvironment rich in
calcium and sheltered from fire, fostering the evolution of a highly diverse snail fauna
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Figure 6.1 Location of Hay Cave and other archaeological sites in south-eastern Cape York Peninsula,
Queensland, Australia.
consisting of a number of endemics (Stanisic, 1997).  Accordingly, the alkaline
sediments of archaeological sites located amongst the outcrops have promoted the
preservation of sequences rich in carbonate fossils that consist predominantly of land
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eggshells are those of the Australian Brush-Turkey, Alectura lathami, a species of
megapode (Fig 6.2).  Alectura typically occupies the forests of eastern Australia, and
like other megapodes it is renowned for its remarkable reproductive behaviour (Jones et
al., 1995).  The male uses his large feet to scrape leaf litter and soil into a mound that
may be over a metre high and several metres in circumference, in which the female lays
her eggs.  The mound is maintained at temperatures suitable for incubation by microbial
decomposition of organic matter.  Fragments of eggshell in archaeological sequences
(e.g. David, 1991b, David & Dagg, 1993, Holden, 1999) reflect the harvest of the large
(c. 9 ¥  6 cm) megapode eggs from their highly conspicuous mounds.  Because the
Alectura breeding season takes place during the high rainfall months of November
through to February (Chase & Sutton, 1981) the presence of eggshells in archaeological
sites indicates the presence of people in the landscape during the wet season.
Figure 6.2 Female Alectura lathami, the Australian Brush-Turkey.  Photo by taken by the author at
Dorrigo National Park, New South Wales.
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Pleistocene radiocarbon ages from stratigraphic units overlain by sediments with Mid or
Late Holocene ages are encountered at Hay Cave and are a common element of
archaeological sites in the region (David, 1991b, 1991a, David & Dagg, 1993).  The
extent of isoleucine epimerisation in Alectura eggshells should provide a means of
distinguishing Pleistocene eggshells from those deposited during the Holocene, thereby
providing an additional means of generating chronological control for the
archaeological record of southeastern Cape York Peninsula.  Within this
chronostratigraphic context, the first aim of this research is to evaluate the utility of
isoleucine epimerisation in Alectura eggshells as a means of refining the chronology of
the Hay Cave archaeological sequence.  Of primary interest is the concordance between
the extent of isoleucine epimerisation in Alectura eggshells and other proxies for time,
such as site stratigraphy and radiocarbon ages.  The degree to which eggshell A/I values
accord with the chronology of the Hay Cave sequence will enable the suitability of the
reaction in this sample type for generating chronological control in other southeast Cape
York Peninsula sites to be assessed.
The second aim of this research is to evaluate the utility of oxygen and carbon stable
isotope ratios in the calcite of avian eggshells as means of examining past
environmental change.  Because (1) important components of ecosystems feature
characteristic stable isotope ratios, and (2) these signatures are transferred to organisms
with little or a known degree or direction of modification (isotopic discrimination) upon
assimilation, stable isotope ratios are an effective means of tracing ecosystem nutrient
and energy flows (Peterson & Fry, 1987, Kohn, 1999).  The preservation of these
isotope ratios in fossils permits the reconstruction of specific aspects of prehistoric
ecosystems, and contrasts in the isotope ratios of fossils of differing ages permits
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environmental change, and (if circumstances permit) the mechanisms responsible for it,
to be identified (Fogel et al., 1997, Koch, 1998).
The carbon and oxygen isotope ratios of the carbonate fraction of both land snail shells
and eggshells have been promoted as a means of reconstructing palaeoenvironments
(Goodfriend, 1992, Johnson et al., 1998).  The Hay Cave sequence offers an excellent
opportunity to examine the isotope ratios of eggshell calcite because (1) the specimens
have been recovered in stratigraphic association with land snail shells suitable for
isotope analyses (Holden, 1999), and (2) non-cultural indices of environmental change
extracted from the sequence have been interpreted in terms of changes in the moisture
regime of the site (Rowe et al., 2001).  Because changes in moisture regimes are known
to either directly or indirectly influence the carbon and oxygen isotope ratios of land
snail shells (Lécolle, 1985, Goodfriend, 1988), the stratified Hay Cave sequence
provides a context in which inferences drawn from the isotope ratios of land snail shells
and eggshells can be compared.
6.2 MATERIALS AND METHODS
6.2.1   Site description
From the Palmerville Station meteorological record (Bureau of Meteorology, 2003a),
30 km from the site, it is estimated that mean annual rainfall is 1000 mm, 80 % of
which falls between November and March, and the mean monthly temperature is about
26 ºC (Fig 6.3).  The local topography features a series of limestone towers that are
aligned north to south, exposed over a distance of approximately 50 km.  The towers
provide refuge for fire intolerant deciduous vine thickets and the surrounding plains
host open Eucalyptus woodlands with a grass understorey (Godwin, 1991).  An example
228      MEGAPODE EGGSHELS FROM HAY CAVE
of this landscape is provided in Figure 6.4.  The presence of C4 grasses species in the
woodland understorey (Godwin, 1991) is important for the interpretation of carbon
isotope ratios because plants featuring this photosynthetic pathway feature d13C values
distinct from those of C3 plants (O'Leary, 1988) such as the Eucalyptus of the open































Figure 6.3 Average temperature and precipitation at Palmerville Station (Bureau of Meteorology,
2003a).
Bruno David, Harry Lourandos and Chris Clarkson conducted archaeological research
at Hay Cave in 1996.  The site extends approximately 35 metres into the limestone
tower in which it is situated, and is approximately 15 metres wide.  In the centre of a
debris-free ash floor a 1 m2 pit consisting of four neighbouring 50 ¥ 50 cm squares was
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excavated in units approximately 2 cm thick.  The deepest excavated square, M30, from
which eggshell and land snail shells were selected for analysis, was excavated to a depth
of 1.33 m.  The excavated sediment was sieved (3 mm) on-site then wet sieved and dry
sieved (3 mm) in the laboratory and sorted by Angela Holden (see Holden, 1999).
Figure 6.4 Limestone towers of southeast Cape York Peninsula in the vicinity of Mitchell River Cave.
A semi-deciduous thicket fringes the bluff while more open areas are occupied by Eucalypts with a grass
understorey (foreground).  Photo by the author.
The following description of the three major stratigraphic units identified during
excavation is drawn from the unpublished report of David (1997) (Fig 6.5).  These units
consisted of an upper unit (stratigraphic unit 1) dry, rich in ash and cultural materials
and was divisible into a large number of subunits.  The underlying unit (SU2) is more
moist and clay-rich with carbonate concretions appearing throughout.  The base of the
profile consists of culturally sterile, moist sediment (SU3) rich in clay and featuring
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Figure 6.5 Stratigraphic features of the vertical profile of the Hay Cave excavation, square M30
(David, 1997).  Subunit labels are provided.
small manganese nodules.  Radiocarbon ages indicate the archaeological sequence
spans in excess of 30,000 cal years BP (Table 6.1), with clusters of ages in the periods
23,000 – 27,000, 14,000 – 18,000, 2300 – 3300 and 370 – 930 cal years BP (Rowe et
al., 2001, David et al. unpublished).
6.1.2   Eggshells
Hundreds of small (< 15 mg) eggshell fragments were recovered from Hay Cave, with
fragments especially abundant in the upper 60 cm of the deposit (Holden, 1999) (Fig
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Table 6.1 Radiocarbon ages for the Hay Cave sequence (Rowe et al., 2001, David unpublished).
Excavation
unit






(± 1s, yr BP)
Calibrated age
(cal yr BP)a
2 1.4 Charcoal Wk-6053 350 ± 55 500 – 310 (400)
6 8.0 Charcoal OZD006 660 ± 75 670 – 550 (610)
12 17.1 Charcoal OZD007 870 ± 65 910 – 700 (810)
20 30.1 990 ± 60 950 – 800 (930)
26 46.0 Charcoal OZD008 2590 ± 80 2770 – 2550 (2750)
30 53.0 2440 ± 60 2710 – 2350 (2530)
34 64.0 Charcoal OZD009 3100 ± 60 3380 – 3220 (3300)
35 61.8 – 63.2 2740 ± 50 2920 – 2780 (2850)
41 74.5 – 77.4 Charcoal OZD943 11,900 ± 210 14,110 – 13,540 (13,820)
45 91.0 Charcoal OZD011 13,450 ± 150 16,440 – 15,880 (16,160)
49 102.8 Charcoal OZD422 13,600 ± 180 16,640 – 16,030 (16,330)
52 106.7 – 108.2 Charcoal 14,700 ± 370 18,100 – 17,110 (17,600)
55 111.6 – 114.3 20,100 ± 200 24,240 – 23,370 (23,810)
56 118.2 Mussel shell OZD012 19,300 ± 140 23,300 – 22,500 (22,890)
57 116.4 – 118.7 Mussel shell 23,300 ± 320 27,760 – 27,050 (27,400)
60 122.4 – 125.0 Mussel shell 29,700 ± 1050 35,400 – 33,220 (34,320)
aMaximum – minimum (unique calendar age), ± 1s range.
Alectura.  The ancient eggshells bear a similar cross-sectional architecture to other
megapode eggs and are a similar thickness (0.3 – 0.4 mm) (Mikhailov, 1997).  Alectura
eggs are a locally abundant food resource and therefore it is not surprising to encounter
fragments of eggshells as evidence of cultural activities.  The reproductive strategies of
megapodes enable females to lay a large number of eggs each season.  For example,
Frith (1956) cites 18 to 24 as a good approximation of the seasonal production of eggs
and several females may lay in the same mound (Jones et al., 1995).  The presence of
large numbers of these nutritious eggs in a conspicuous mound would be an attractive
resource in the Chillagoe area as they are elsewhere (e.g. Diamond, 1983, Pernetta,
1989, Theroux, 1992).  Given the likelihood that the eggshells are those of a megapode
then biogeographically they are likely to represent Alectura as the study region is within
the modern range of species (Hamilton-Smith, 1965) but outside the range of the coast-
dwelling Megapodius reinwardt (Jones et al., 1995).



















 Land snail shell
 
Figure 6.6 Abundance of Alectura lathami eggshell and land snail shell fragments in the vertical
stratigraphic profile of Hay Cave (Holden, 1999).  Land snails are about two orders of magnitude more
abundant than eggshell fragments.
For amino acid analyses Alectura eggshells were sampled by selecting about five of the
largest and whitest (and therefore presumably ‘unburnt’) fragments from approximately
every second excavation unit.  More excavation units were sampled across major
stratigraphic breaks.  For stable isotope analyses typically three eggshells from selected
excavation units were sampled, resulting in an average of one analysis for each
excavation unit.  To support the interpretation of isotope ratios in eggshells from Hay
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Cave modern specimens of Alectura and other megapode eggshells from a variety of
sites throughout Australia were also analysed.
6.1.3   Land snail shells
In addition to the eggshells, land snail shells from Hay cave were targeted for stable
isotope analyses.  Unlike the eggshells, land snail shells are abundant in sufficient
quantities for biogeochemical analyses throughout the Hay Cave sequence (Fig 6.6).
However, all snail shells from excavation units below 65 cm have a chalky texture,
suggesting that aragonite preservation may be poor.  To avoid complications arising
from diagenetic alteration of the aragonite, land snail shell analyses were restricted to
the upper 65 cm of the deposit, coincident with the depths over which eggshells are
abundant and land snail shell preservation is excellent.
Of the land snails excavated from Hay Cave, a subset consisting of the largest fragments
were presented to John Stanisic of the Queensland Museum for identification.  The
fragments consisted primarily of Hadra and Xanthomelon, with Helicarionid and
Pleuropoma also present.  As Hadra was well-represented throughout the excavation
units fragments of this shell taxon were selected for stable isotope analyses.  Typically
three or five shells were sampled from selected excavation units, resulting in an average
of three analyses for every second excavation unit.  Analyses were confined to Hadra
shells to avoid the possibility of species-effects on isotope ratios (Goodfriend &
Magaritz, 1987).  The bias towards large fragments serves to minimise possible isotopic
discrimination relating to body size (Goodfriend, 1992).
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6.1.4   Amino acid analyses
A total of 99 fragments of Alectura eggshell were subjected to amino acid analyses.
The procedure for cleaning the specimens differed slightly from that commonly used on
ratite eggshells (Miller et al., 2000).  Because megapode eggshells are thin they cannot
be abraded without disintegrating so preliminary cleaning instead consisted of
sonication in deionised distilled water.  Otherwise, the methods follow those described
in Chapter 4.
6.1.5   Radiocarbon and stable isotope analyses
Methods used to analyse the isotope ratios of megapode eggshell calcite follow those
described in Chapter 4, as do the methods used to prepare samples prior to submission
for radiocarbon dating. Although desirable, paired stable isotope and amino acid results
were not obtained.
A small portion (c. 50 mg) of each fragment of snail shell was cleaned and powdered
for the analysis of isotope ratios using the same methods described in Chapter 4 for the
determination of the d13C and d18O values of eggshell calcite.  The methods used to
determine carbon isotope ratios in the organic fraction of modern megapode eggshells
also follow those described in Chapter 4.
6.2 AMINO ACID RESULTS
Results are presented here for the extent of isoleucine epimerisation and the
concentration of Thr + Ser and of aIle + Ile in both Alectura eggshells heated under
controlled conditions and those excavated from Hay Cave.  The average analytical error
in A/I values on duplicate analyses of single preparations is ± 0.004.  Because this error
MEGAPODE EGGSHELLS FROM HAY CAVE      235
is generally independent of the extent of isoleucine epimerisation the relative error is
proportionately larger for samples with low A/I values.  As many of the eggshells from
Hay Cave have values where A/I < 0.05 the coefficient of variation is regularly in
excess of 10 %.
6.2.1   Isoleucine epimerisation under controlled conditions
The results obtained at 143 ºC (Fig 6.7, Table 6.2) indicate that isoleucine epimerisation
in Alectura eggshells exhibits the negative correlation between reaction extent and rate
(i.e. the reaction slows as A/I increases) commonly observed in such isotherm
experiments (e.g. Goodfriend & Meyer, 1991, Haugen & Sejrup, 1992).  The trend can
be described as two main segments, an initial phase of rapid epimerisation and latter
phase of much slower epimerisation, separated by a phase of intermediate reaction rates
(Kriausakul & Mitterer, 1978).  Over the first four hours of the experiment a short phase
of slow epimerisation is also evident (Fig 6.7, 143 ºC inset).  This slow reaction rate
may reflect the time it takes for the specimen to reach the isotherm or the geologically-
ephemeral early epimerisation kinetics observed in submodern Dromaius eggshells
(Miller et al., 2000).  The initial phase of rapid epimerisation (0.04 < A/I < 0.66)
conforms to first-order kinetics.  That is, when A/I values are plotted in the form
‘ln [(1 + A/I)/(1 – K’A/I)]’ versus time, the slope of the relationship is approximately
linear.  Reaction rate (k1) is proportional to the slope of this line [m = k1(1 + K`)] and is
the key variable for the calculation of Arrhenius parameters because it describes the
reaction rate at a given temperature.
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Inset
Figure 6.7 Isoleucine epimerisation in Alectura lathami eggshell at high temperatures.  Temperatures
are indicated on the plots.  The inset on the 143 ºC plot displays A/I values observed over the first 40
hours of treatment at this isotherm.  The lines indicate the range over which the reaction conforms to
reversible first-order kinetics.
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Modern 9459A 0 0.022 ± 0.003 5580c 1221c
110 9679A 4 0.028 ± 0.002 6373 1534
9680A 8.04 0.049 ± 0.005 6461 1811
9681A 12 0.063 ± 0.003 5930 1775
9682A 16 0.081 ± 0.001 5511 1728
9247A 19 0.105 ± 0.001 3953 1564
9683A 23.09 0.110 ± 0.004 4598 1681
9684A 27 0.129 ± 0.012 6355 1705
9248A 40 0.217 ± 0.003 2981 1548
9249A 60 0.314 ± 0.004 2227 1553
9250A 90 0.525 ± 0.001 1658 1578
143 9664A 0.084 0.023 ± 0.004 8041 1760
9461A 0.17 0.024 ± 0.004 7964 1620
9462A 0.33 0.041 ± 0.001 5360 1505
9463A 0.5 0.057 ± 0.009 5664 1625
9464A 0.67 0.079 ± 0.007 5781 1706
9465A 0.85 0.104 ± 0.002 4327 1572
9205A 1 0.114 ± 0.001 4556 1680
9466A 1.17 0.134 ± 0.005 4010 1584
9467A 1.5 0.176 ± 0.001 3370 1624
9468A 1.7 0.203 ± 0.003 3564 1636
9206A 2 0.252 ± 0.001 3112 1529
9207A 3 0.362 ± 0.002 1793 1611
9208A 4 0.495 ± 0.001 1236 1456
9209A 6 0.656 ± 0.014 755 1442
9210A 9 0.845 ± 0.007 459 1479
9211A 13 0.976 ± 0.002 216 1300
9212A 17 1.003 ± 0.011 198 1252
9213A 21 1.042 ± 0.017 95 1210
9214A 26 1.085 ± 0.012 84 1159
160 9669A 1.5 0.032 ± 0.003 6247 1506
9670A 3 0.053 ± 0.003 5715 1634
9257A 5 0.076 ± 0.001 4648 1616
9671A 6.5 0.125 ± 0.006 4256 1661
9672A 8 0.143 ± 0.006 4011 1608
9673A 9.5 0.198 ± 0.001 3557 1602
9258A 11 0.204 ± 0.004 2863 1567
9259A 18 0.380 ± 0.005 1543
9260A 26 0.525 ± 0.008 1495
9261A 36 0.636 ± 0.005 631 1474
9448A 48 0.875 ± 0.007 468 1407
aINSTAAR Amino Acid Laboratory code (AAL).
bUnits of time: 110 and 143 ºC data measured in days, 160 ºC data measured in hours.
cThe Thr + Ser and aIle + Ile in the modern eggshell are both anomalously low probably due to an
anomalously large nLeu spike during sample preparation.
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At each experimental temperature (110, 143 and 160 ºC) a positive correlation between
the extent of isoleucine epimerisation and heating time was observed.  The A/I values of
untreated Alectura eggshell was A/I = 0.022 and is considered to largely reflect the
epimerisation induced during hydrolysis.  The reaction rate was greatest at 160 ºC,
reaching A/I = 0.875 after 48 hours at an average reaction rate of k1 = 1.318 ¥ 10
2 yr-1
and conforming to first-order kinetics over nearly the entire range of results
(0.03 < A/I < 0.88).  This reaction rate is over four times faster than that observed at
143 ºC.  The reaction rate over the phase of initial first-order kinetics
(0.05 < A/I < 0.31) at 110 ºC was kavg = 1.385 yr
-1, nearly 23 times slower than the
reaction rate observed at 143 ºC, and over 95 times slower than the rate observed at
160 ºC.
Using the methods of McCoy (1987) the rate of isoleucine epimerisation during the
phase of first-order kinetics at each isotherm was used to determine the activation
energy (Ea) and Arrhenius constant (A) of the Arrhenius equation (Eqn. 4.3).  The
Arrhenius equation is used to describe the temperature sensitivity of the reaction.  In
addition to the laboratory results, the mean reaction rate (k1) calculated from the A/I of
two radiocarbon-dated eggshells (Table 6.3) were used to constrain the least-squares fit
at values for k 1 observed at environmental temperatures (current mean annual
temperature of 25.9 ºC: Bureau of Meteorology, 2003b).  Normally, values for k1 in
field specimens are in general agreement (e.g. McCoy, 1987, Oches et al., 1996) but in
this instance the reaction rate for the younger specimen (310 cal yr BP) exceeded that of
the older specimen (2340 cal yr BP) by 80 %.  The A/I value of the younger specimen is
considered anomalous, not due to ‘burning’ (a problem common to archaeological
contexts, see Chapter 5) but to the large errors associated with both the amino acid and
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radiocarbon analyses on the specimen.  At the 1s range the calibrated radiocarbon age
has a 68.3 % chance of falling within a 130 year interval, an unacceptably large range
for a specimen only 300 years old.  The A/I value for the specimen is 0.021 ± 0.009, an
extent of isoleucine epimerisation with a large (43 %) coefficient of variation and less
than that observed in modern Alectura eggshell.










(± 1s, yr BP)
Calibrated agea
(cal yr BP)
AAL9443C 3 -8.5 OZF619 270 ± 40 420 – 290 (310)
AAL9435C 31 -7.2 OZF620 2320 ± 40 2350 – 2330 (2340)
HAY38E 38 -15.0b OZG064 2190 ± 40 2310 – 2120 (2220)
aMaximum – minimum (unique calendar age), ± 1s range.
bValue assumed.
Although multiple calibration data points at environmental temperatures are desirable,
the anomalous k1 value for the younger eggshell makes it unsuitable for the calculation
of Arrhenius parameters.  To estimate the uncertainty associated with the accepted k1
value for the older calibration sample errors associated with the A/I value and calibrated
radiocarbon age were algebraically propagated through the integrated rate equation.
Combining this ambient temperature control point with the results observed at high
temperatures, the Ea and natural logarithm of the Arrhenius constant (ln A ) for
isoleucine epimerisation in Alectura eggshell are estimated to be 30.8 ± 1.0 kcal mol-1
and 40.7 ± 41.0, respectively (Table 6.4).
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Table 6.4 Arrhenius parameters for isoleucine epimerisation in Alectura lathami eggshells and terms
associated with their calculation.
1/T avg k1 avg ln k1 s.d. ln k1 s.d. 1/T total var. ln k1 wi
0.002309 1.318E+02 4.82998 0.35212 0.000007 0.13541 7.385
0.002403 3.148E+01 3.32415 0.61263 0.000007 0.38674 2.586
0.002610 1.385E+00 0.28803 0.31586 0.000007 0.11119 8.994
0.003344 1.371E-05 -11.19774 0.13437 0.000019 0.10484 9.538
T s.d. k1 total s.d. k1 wi dk1/dA dk1/dEa r
433.15 4.086E+01 5.569E+01 3.224E-04 4.936E-16 -1.474E-01
416.15 1.198E+01 2.395E+01 1.743E-03 1.170E-16 -3.635E-02
383.15 3.452E-01 5.279E-01 3.589E+00 4.964E-18 -1.676E-03
299.05 1.645E-07 5.240E-06 3.642E+10 3.041E-23 -2.355E-08 0.9874
b m A s.d. A Ea s.d. Ea




















y = -15505.0x + 40.7
r = 0.9874
Ea = 30811.5
A = 4.60 * 1017
Figure 6.8 Arrhenius plot describing the temperature sensitivity of isoleucine epimerisation in
Alectura lathami eggshell.
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6.2.2   Amino acid concentrations under controlled conditions
The concentrations of Thr + Ser and of aIle + Ile observed in fragments of Alectura
eggshell heated at high temperatures are presented in Figure 6.9a and listed in Table 6.2.
The concentration data are plotted against A/I values so that the results can be compared
among the different isotherms and contrasted with the concentrations observed in
eggshells from Hay Cave.
Across the range A/I < 0.35 (the range of A/I values observed amongst eggshells from
Hay Cave) there is little or no change in the concentration of aIle + Ile in eggshells
heated at high temperatures (Fig 6.9b).  For each isotherm the aIle + Ile concentration
remains stable at approximately 1.7 nmol/mg.  In contrast, the Thr + Ser concentration
steadily drops from an initial high of about 7.5 nmol/mg towards a concentration of
2 nmol/mg at A/I = 0.35.
6.2.3   Amino acid concentrations in field samples
As expected from the high temperature experiments, across the range A/I < 0.35 there is
a rapid decline in the concentration of Thr + Ser yet relatively stable abundance of
aIle + Ile in the Alectura eggshells from Hay Cave (Fig 6.9b).  However, the trend for
the hydroxyl amino acids is not as well-defined for the field samples because the A/I
values cluster between 0.02 > A/I > 0.07 (producing a ‘scatter’ of data points) and
because there tends to be more scatter in this data set than that obtained under controlled
conditions.  In particular, amongst the eggshells with a very low extent of isoleucine
epimerisation (A/I < 0.03) there is a large range in Thr + Ser concentrations, from about
4 to 7.5 nmol/mg, which represents about half the range of the Thr + Ser data.  From



















































 Thr + Ser, 110 ºC
 aIle + Ile, 110 ºC
 Thr + Ser, 143 ºC
 aIle + Ile, 143 ºC
 Thr + Ser, 160 ºC 
 aIle + Ile, 160 ºC
 Thr + Ser 
 aIle + Ile
a)
b)
Figure 6.9 Concentration of hydroxyl and isoleucine amino acids in Alectura eggshells (a) heated
under controlled conditions and (b) from Hay Cave.  A potentially anomalous Thr + Ser value is circled.
Interpolated lines are shown to accentuate the trends.  The results from the high temperature experiments
are confined to the range 0 < A/I < 0.35 but the interpolated lines for these datasets are a fit to all data
points hence they extend beyond the range of A/I values shown here.
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this observation it is suggested that Thr + Ser are particularly unstable during the initial
stages of amino acid diagenesis and that this produces a relatively poor correlation
between the rapid decomposition/loss of Thr + Ser and the relatively slow epimerisation
of isoleucine.
While the consistent observation of aIle + Ile concentrations of about 1.5 nmol/mg in
the Hay Cave eggshells closely resembles the experimental results, the pattern of
Thr + Ser decline differs markedly between the two.  Plotted against A/I the decline in
Thr + Ser is more concave in the field data.  For example, most of the field data in
Figure 6.9b fall below the region bounded by A/I < 0.75 and Thr + Ser < 5 nmol/mg,
whereas concentrations this low are not observed amongst the experimental results
except where A/I exceeds 0.075.  The precise reason for the contrasting patterns is not
known but is explicable in terms of a lower Ea for Thr + Ser loss (decomposition plus
diffusion) than for isoleucine epimerisation.  A lower Ea translates to an Arrhenius
equation with a less steep slope that in turn, translates to a reaction rate that is less
sensitive to temperature.
The patterns of changing amino acid concentrations in Alectura eggshells take place in a
systematic fashion under both controlled and field conditions.  There is, however, one
Hay Cave eggshell (AAL9172D) that has a Thr + Ser concentration that appears
anomalously high relative to Thr + Ser in other eggshells with similar A/I values.  This
value is circled in Figure 6.9b.  While potentially indicative of contamination by a
residue rich in Thr + Ser this observation is more readily explicable in terms of
laboratory error.  As both the Thr + Ser and aIle + Ile concentrations in this preparation
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appear c. 30 % higher than expected the observation can be explained in terms of a
nLeu spike c. 30 % lower than usual, perhaps due to a pipetting error.
In summary, although data are available for only three-quarters of eggshells with A/I
values and commonly for only one analysis of each sample preparation (instead of two
or three), from the concentration of amino acids in Alectura eggshells from Hay Cave it
seems reasonable to conclude that amino acid diagenesis has taken place in a systematic
fashion amongst these specimens.  The A/I values of these specimens are therefore
accepted as reliable, and not spurious artefacts of diagenetic processes such as
contamination or leaching.  Similarly, in eggshell calcite the stable isotope ratios
examined in the latter half of this chapter are likely to be reliable.  If the calcite of the
megapode eggshells had been subjected to dissolution (and potential alteration of
isotope ratios) this would have been apparent in reduced and variable concentrations of
the thermally stable isoleucine amino acids.
6.2.4   Isoleucine epimerisation in field samples
Figure 6.10 shows that the extent of isoleucine epimerisation in the majority of Alectura
eggshells from the Hay Cave sequence occupied a narrow range of A/I values, from
values expected of modern specimens up to A/I = 0.16.  Only two specimens (2 %)
exceeded this range.  The coefficient of variation within excavation units was typically
between 10 and 40 %.  High variation was typically observed at stratigraphic
boundaries reflecting mixing of eggshells of differing ages, and where eggshells with
anomalously low A/I values were occasionally recovered from the same excavation unit
as eggshells featuring a cluster of higher values.  A statistically significant linear least-
squares fit of A/I versus depth was observed (r2  = 0.13, b = 2.6 ¥ 10-2, m = 7.0 ¥ 10-4,
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F = 14.8, P = 0.0002).  The regression is not promoted as a means of accurately
describing the change in A/I with depth but merely to emphasize that a relationship
exists between the excavation unit from which eggshells were recovered and their
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a) Radiocarbon ages b) A/I values 
Figure 6.10 Distribution of radiocarbon ages and Alectura eggshell A/I values in the Hay Cave
sequence.  Approximate locations of major and minor breaks identified in Figure 6.2 are indicated.
To assess the A/I values independently of their stratigraphic context a histogram
consisting of all Hay Cave A/I values was constructed using intervals A/I = 0.05 wide
within which three aminozones were identified (Fig 6.11).  An aminozone is an
informal chemostratigraphic unit based on clustering in the extent of amino acid
racemisation (isoleucine epimerisation) useful for relative-age assignment and
correlation (Nelson, 1982).  The aminozones in the Hay Cave sequence are defined by
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the ranges 0.02 > A/I > 0.05, 0.05 > A/I > 0.08, and 0.13 > A/I > 0.16, and are labelled
A, B, and C, respectively.
Not incorporated in these three clusters are the A/I values of three eggshells, one of
which falls between aminozones B and C.  The other two feature A/I values greater than
those observed in aminozone C.  In Figure 6.10 it is noted that the distribution of A/I
values indicates that one of these relatively high A/I values (AAL9177A, A/I = 0.333)
was exhibited by an eggshell recovered near the top of the excavation, amongst
eggshells where A/I < 0.04.  The other relatively high A/I value (AAL10086A, A/I =
0.218) is also anomalous relative to the values observed in eggshells recovered from
similar depths (Fig 6.10).
The low abundance of the hydroxyl amino acids (Thr + Ser) in these two outliers
provides support for the identification of their A/I values as anomalously high.
Concentration data for AAL9177A are presented in the Appendix but were not
calculated for AAL10086A due to concerns regarding batch effects (see Section 4.2.4).
However, examination of the traces for the latter sample reveals that Thr + Ser is also
unusually low in this eggshell fragment.  In contrast, the abundances of aIle + Ile in
both specimens are comparable with the values observed in eggshells with lower A/I
values.  Thus, the isoleucine epimerisation evidence that the extent of amino acid
diagenesis is relatively advanced in these specimens is supported by their low
abundance of Thr + Ser.  This observation is expected in an eggshell that is particularly
old or has experienced an anomalously high thermal history.  Given the preponderance
of eggshells with low A/I values and the Holocene radiocarbon ages for much of the
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sequence the latter explanation is more likely.  Both A/I values are therefore considered























2320 ± 40 yr BP 
Figure 6.11 Histogram of Alectura lathami eggshell A/I values in the Hay Cave sequence.
Uncalibrated radiocarbon ages paired with A/I values are indicated.  Three clusters of A/I values are
labelled aminozone A, B and C.
The third A/I value (AAL10087D, A/I = 0.091) not incorporated in an aminozone
cannot be readily dismissed as an artefact of exposure to high temperatures because it
falls between the values assigned to aminozone B and C.  Furthermore, the raw data for
sample exhibit Thr + Ser and aIle + Ile concentrations comparable to the majority of the
dataset, thus amino acid diagenesis in the specimen does not appear anomalous.  The
A/I value may represent a period of occupation intermediate between the phases
represented by more frequent A/I values.  This suggestion is supported by the
observation that the specimen was recovered from approximately 60 cm depth, the point
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in the sequence where the stratigraphic unit that features aminozone C (SU1) meets the
stratigraphic unit (SU2) that is the primary host of the middle aminozone, B.
The clusters of A/I values used to define aminozones exhibit an excellent but imperfect
correlation with the stratigraphic units of the Hay Cave profile.  Of the eggshells with
A/I values in aminozone A, 91 % fall between the surface of the deposit and 44 cm
depth.  Of the eggshells with A/I values in aminozone B, 79 % fall between 44 cm and
64 cm depth, and 100 % of aminozone C falls between 64 cm and 70 cm depth.  Of the
A/I values that do not conform to the depths that host the majority of eggshells of their
respective aminozone, all but one was recovered below the expected depth.
Observation of low A/I values in an archaeological sequence at depths greater than
expected have previously been noted by Johnson et al. (Johnson, 1995, Johnson et al.,
1997).  In this instance an unusual Struthio eggshell A/I profile was explained by
preferential mixing of the specimens by the burrowing activities of small rodents.
While bioturbation is a potential explanation for the location of eggshells lower in the
Hay Cave profile than expected, the likelihood of this process is reduced by the fragility
of the thin megapode eggshells which makes them unlikely to withstand disturbance.
The selection of the largest megapode eggshell fragments for analysis is also expected
to bias the amino acid data set against disturbed specimens.  Excavation error (such as
fragments dropping from the walls of the excavation) in dark, cramped conditions is
considered a more likely explanation for the occurrence of young eggshells low in the
sequence.  This is despite the implementation of precautions to protect the excavated
surface from contamination between sessions of excavation (B. David pers. comm.
2001).
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6.2.5   Chronology of the Hay Cave sequence
Radiocarbon ages obtained on the calcite of Alectura eggshell (Table 6.3) are in good
agreement with the pre-existing radiocarbon chronology for the Hay Cave sequence
(Table 6.1, Fig 6.10).  A radiocarbon age on eggshell calcite of roughly 300 years BP
was obtained amidst radiocarbon ages spanning the last 900 years BP.  An age of
approximately 2300 years BP was obtained on eggshell recovered amongst depths
featuring charcoal with radiocarbon ages between 2400 and 3400 cal years BP.  Another
eggshell with a radiocarbon age of about 2200 years BP was recovered below these
radiocarbon ages on charcoal and therefore appears perhaps 1000 years too young for its
position in the age-depth profile (see Fig 6.10).  There are several possible explanations
for this discrepancy but contamination by modern carbon seems an unlikely explanation
because it must reach about 9 % to produce an age estimate 1000 years too young for a
Late Holocene specimen.  Unfortunately, the A/I value of this specimen is not known
(the sample was radiocarbon-dated because it has a relatively heavy oxygen isotope
ratio).  In light of the tendency for low A/I values to be found anomalously low in the
sequence, the most likely explanation for the relatively young radiocarbon age is
excavation error (as mentioned above).  Clearly, although eggshell calcite is a suitable
medium for radiocarbon dating (Bird et al., 2003) ages obtained on eggshells may be
problematic with respect to stratigraphy if the specimens are not recovered in situ.
The radiocarbon chronology provides evidence for the occupation of the site across
different periods of time.  Focusing on radiocarbon ages for the upper 80 cm of the
sequence, evidence for occupation of Hay Cave around 14,000 cal years BP (n = 1) has
been obtained from stratigraphic unit 2A, for the period 3400 – 2400 cal years BP
(n = 5) from stratigraphic unit 1R, and for the period 900 – 300 cal years BP (n = 5) for
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stratigraphic units comprising the upper 45 cm of the deposit.  Thus, the impression is
that the upper 80 cm of the sequence features cultural materials that were deposited
during one of three time periods, the terminal Pleistocene, 3400 – 2400 cal years BP,
and 900 – 300 cal years BP.  Similarly, the Alectura eggshell A/I results suggest the
upper 80 cm can be divided into the three aminozones, A, B and C.  That aminozones A
and B correspond with the two younger phases identifiable by the radiocarbon
chronology is supported by paired amino acid-eggshell calcite radiocarbon ages (Fig
6.11) and the observation that the depth of the aminozones correspond with the depths
from which the radiocarbon samples were recovered, with the lower A/I values
corresponding to the younger radiocarbon ages.
6.2.6   Estimating the age of aminozone C from A/I
While the age of aminozones A and B may be unambiguous, the age of eggshells in
aminozone C is unclear for two reasons.  First, there is not a paired amino acid-
radiocarbon analysis for an eggshell from aminozone C.  Second, defining the age of the
eggshells on stratigraphic grounds is complicated by the occurrence of the aminozone at
the break between stratigraphic unit 1 and 2.  The likely age for the aminozone is
greater than 3000 years BP and perhaps younger than the next oldest radiocarbon date,
c. 14,000 years BP (OZD 943).  Despite an absence of radiocarbon ages for the period,
Rowe et al. (2001) cautiously suggested the Early to Mid Holocene may be present in
the Hay Cave sequence due to the high frequency of land snail shells and carbonate
concretions across this shift from Holocene to Pleistocene radiocarbon ages.  These
authors reasoned that these elements were proxies for increased moisture and thus may
be indicative of the relatively wet climate of the Mid and Early Holocene (see Section
5.12.6).
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In the absence of independent chronological control for aminozone C, estimation of the
rate of isoleucine epimerisation in Alectura eggshells provides a means of assessing the
age of the specimens comprising this cluster of A/I values.  An in situ rate constant for
an eggshell in aminozone B (k1 = 1.37 ¥  10
-5 yr-1) was determined to constrain
Arrhenius parameters at environmental temperatures (Section 6.2.1).  Solving the
integrated rate equation (Eqn. 4.3) for time (t) using this field calibration for k1
generates an estimate centered on 8,870 calendar years before present for the mean A/I
value of aminozone C.  This mean value, A/I = 0.144, falls within the range that
isoleucine epimerisation in Alectura eggshells was observed to obey first-order kinetics
at high temperatures, supporting the use of the integrated rate equation for age
estimation.
Assessing the error associated with the age estimate for aminozone C is difficult given
the single acceptable calibration point for the reaction rate and poor understanding of
the thermal history of the site.  An attempt to quantify this uncertainty is presented in
Table 6.5.  To combine the uncertainty arising from the amino acid and radiocarbon
measurements, these sources of error were algebraically propagated through the
integrated rate equation using methods described by Taylor (1982).  This is based on the
reasonable assumption that the errors are normally distributed around mean values, and
that all errors are independent.  By this method, the age of aminozone C has an
associated uncertainty of approximately one percent, but this is based on the assumption
that the eggshells of unknown age have experienced a thermal history equivalent to that
experienced by the calibration sample.  Assuming that the thermal histories of the
calibration sample and eggshells of unknown age agree to within ± 0.5 ºC, and using the
Ea of 30.8 kcal mol
-1 to model the temperature sensitivity of the rate of isoleucine
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epimerisation in Alectura eggshells, the uncertainty in the age estimate increases to
approximately +9.1, -8.4 % (Table 6.5).  For the eggshells with A/I values in cluster C,
this corresponds to an age estimate and asymmetric error term of 8,870 +790, -730
years.  This error range seems to be a reasonable approximation because the range of
A/I values in aminozone C is similar to those observed aminozones A and B, and each
of these younger clusters span about 1000 years (Figs 6.8 and 6.9).
Table 6.5 Calculations used to estimate the age of Alectura eggshells from Hay Cave based on the
extent and rate of isoleucine epimerisation.
Calculation













1.37 E-5 ± 1.64 E-7
(1.2)b
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aFifty years was added to equate the duration of epimerisation with the duration of radiocarbon
decay, and the analytical uncertainty (1s) was used to estimate the standard deviation.
bError term estimated by algebraically propagating errors through the integrated rate equation.
cError term estimated from the square root of the sum of errors squared.
dError term estimated from the slope of the Arrhenius equation, ln(k1) = -Ea/RT, using the Ea for
isoleucine epimerisation in Alectura eggshell calculated of 30.8 kcal mol-1, where R is the gas
constant (= 0.0019872 kcal mol-1) and T is temperature in Kelvin.
The age estimate for aminozone C is in accord with the radiocarbon chronology for the
sequence (i.e. it does not suggest stratigraphic inversion or mixing) and is in accord
with the possibility that the Hay Cave sequence features sediments deposited during the
Early Holocene (Rowe et al., 2001).  Like the Hay Cave chronology as a whole,
occupation of the site during the Early Holocene as interpreted from the amino acid
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evidence is in accord with evidence for the timing of the presence of people on the
landscape of southeast Cape York Peninsula.  As alluded to in the introduction,
radiocarbon evidence for the human occupation of the limestone towers between 15,000
and 5,000 years BP is sparse.  There are, however, terminal Pleistocene/Early Holocene
radiocarbon ages for archaeological sites elsewhere in the region (Morwood & Hobbs,
1995b, 1995a).  The eggshell isoleucine epimerisation results therefore serve to further
integrate the occupational history of the Mitchell-Palmer limestone belt into the
archaeological record of southeast Cape York Peninsula.
6.2.7   Discussion: inherent rate of isoleucine epimerisation in Alectura eggshells
Amongst the Alectura eggshells from Hay Cave both the co-efficient of variation
associated with the analytical error of A/I values and the co-efficient of variation
amongst A/I values within excavation units are large.  As the analytical error is
independent of the A/I value these sources of variability decrease where A/I values are
large.  The proportional error associated with the A/I values of Alectura eggshells are
predicted to be inherently larger than those of other eggshells that have been subjected
to amino acid analyses because Arrhenius parameters dictate that the rate of isoleucine
epimerisation is characteristically slow in this sample type (see Section 8.3.1 where
Arrhenius parameters are compared).  The trend predicted by Arrhenius parameters is
supported in Figure 6.12 where the rate of isoleucine epimerisation in the radiocarbon-
dated Alectura eggshells from Hay Cave are presented with those observed in Struthio
and Dromaius eggshells.  Importantly, although the temperature of Hay Cave is
estimated to be greater than the temperature of the other sites represented in Figure
6.12, the rate of isoleucine epimerisation in nearly all Struthio and Dromaius eggshells
is more rapid than that observed in the megapode eggshells.  This unusually low
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reaction rate could be explained by the loss of highly-epimerised low molecular weight
amino acids were it not for the evidence for a stable concentration of the isoleucine
amino acids in the field specimens and the Arrhenius parameters that indicate the slow
reaction rate is an inherent characteristic of Alectura eggshells.  All other factors being
equal, the negative implications of the slow rate of isoleucine epimerisation in Alectura
eggshells relative to other eggshells are that (1) analytical error will be proportionately
large due to low A/I values, and (2) A/I values in Alectura eggshell will be less effective
at resolving time than those of other eggshells.  Conversely, the slow reaction rate
means that the initial phase of first-order kinetics will persist for a longer period of time
in Alectura eggshells, promoting the use of the integrated rate equation to interpret A/I
in terms of sample age.
6.2.8   Discussion: amino acid chronological control in archaeological contexts
There has been little use of the racemisation (or epimerisation) of amino acids as a
means of generating chronological control for Holocene archaeological sites.  Examples
of the use of amino acids to generate chronological control for Holocene archaeological
sites not involving the highly contentious use of amino acids to estimate the age of
bones and teeth (for a review see Rutter & Blackwell, 1995) include the work of
Masters & Bada (1977,  see also Wehmiller, 1977) and Cann et al. (1991) on D/L
values for a variety of amino acids in mollusc shells from coastal middens, Ellis et al.
(1996, Goodfriend & Ellis, 2000) on A/I ratios in land snails shells, Goodfriend &
Rosen (1993) on land snail Asx D/L values, Murray-Wallace and Colley (1997) on
mollusc shell Asx D/L values, and Johnson et al. (1997) on A/I values in ostrich
eggshells.  Nearly all of the non-bone use of amino acids for generating chronological
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Figure 6.12 Comparison of the rate of isoleucine epimerisation in Alectura, Dromaius and Struthio
eggshells over the last 12,000 years.  Dromaius eggshell data from Miller et al. (1999), Struthio eggshell
data from Brooks et al. (1990), Miller et al. (1991, 1992).  Where estimates of current mean annual
temperatures were not available from the respective studies they were estimated from Miller et al. (1997)
and Kokis (1988).
control for Pleistocene archaeological sites has involved Struthio eggshells from the
African continent (the one exception being the mollusc shell analyses of Brooks &
Smith, 1987), reflecting the fact that the periods of interest in these studies are beyond
the range of radiocarbon dating.
The reasons for the small number of applications most likely relate to the geological
focus of amino acid laboratories, the desire for numeric control on items directly
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associated with cultural activities (e.g. radiocarbon dating of charcoal), under-
appreciation of the technique’s application, and problems associated with the
application of the technique in contexts where heating events may produce anomalous
thermal histories.
In this study, it is estimated that less than 5 % of the Alectura eggshells subjected to
amino acid analysis yielded high A/I values due to an anomalously high effective
diagenetic temperature produced by exposure to campfire heating events.  This is in
sharp contrast to the great abundance of Casuarius eggshells with anomalously high A/I
values in archaeological sites in the Aru Islands and Ayamaru Plateau, Indonesia
(Chapter 5).  This contrast may be an artefact of laboratory sampling methods.  The
opportunity to be more selective in the laboratory would have reduced the number of
‘burnt’ eggshells incorporated in the Casuarius dataset, and the large number of
fragments in the Hay Cave sequence provides the opportunity to choose amongst
specimens.  Alternatively, the low incidence of ‘burnt’ megapode eggshells may reflect
the methods used to prepare Alectura eggs for consumption.  Exposure to high
temperatures expands the contents of eggs, inducing cracks and risking the loss of their
nutritious contents.  Several methods of cooking megapode eggs are known and some of
these minimise the exposure of the egg to high temperatures.  For example, Lumholtz
(1980, see the quotation at the beginning of this chapter) observed Aboriginal
Australians pierce fresh megapode eggs, place them in hot ashes and retrieve the
contents by dipping a make-shift brush through the hole, a cooking method that would
expose only one half of the eggshell to high temperatures.  Similarly, Pernetta (1989)
observed the cooking of megapode eggs in ashes but also by emptying their contents
into bamboo tubes or wrapping them in banana leaves to be cooked, methods that do not
MEGAPODE EGGSHELLS FROM HAY CAVE      257
necessitate the exposure of eggshell to high temperatures.  The Alectura eggshell amino
acid results provide further evidence that anomalous thermal histories in archaeological
sites can produce elevated A/I values.  However, the low incidence of unusually high
A/I values at Hay Cave indicates that this is not necessarily a disabling problem when
seeking to refine site chronology with amino acid biogeochemistry.
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6.3 STABLE ISOTOPE RESULTS
Having examined the stratigraphy and chronology of the Hay Cave sequence in the first
section of this chapter, the latter half is devoted to exploring the isotope ratios of
megapode eggshells and land snails shells from the site, as well as those of modern
megapode eggshells.
6.3.1   Carbon isotope ratios in Alectura eggshells
The stable carbon isotopes in modern Alectura eggshells were analysed to establish the
relationship between the d13C values of diet and eggshell calcite.  This was based on the
reasoning that a small offset (c. 2 ‰) is typically observed between the d13C values of
the organic fraction of eggshells and the diet (von Schirnding et al., 1982, Johnson et
al., 1998).  The difference between the d13C of the organic fraction and calcite (D13C),
plus the organic fraction-diet offset, should therefore provide a reliable estimate of the
Alectura eggshell diet d13C values.  Calculation of the calcite-diet offset would permit
interpretation of the Hay Cave Alectura eggshell d13C values in terms of dietary d13C,
which may be related in turn to palaeoenvironment.
The relationship between the d13C values of the organic and calcite fraction of modern
Alectura eggshells is illustrated in Figure 6.13.  These values, their d18O values and
collection details, are listed in Table 6.6.  Importantly, there is not a one-to-one
relationship (m = 1.7) between the d13C values and consequently D13C value is not
constant.  It appears that D13C is not independent of the d13C value of the organic
fraction.  Instead, D13C values are greater amongst eggshells with an organic fraction
depleted in 13C.  Interpreted at face value, the results conceivably suggest that Alectura
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1870 -23.9 -9.2 -2.2




Ballina, NSW < 1912 -7.5 0.2
Alectura lathami Kookaburra 2
near Kempsey,
NSW
2000 -24.4 -10.1 -2.2
Alectura lathami Carrai 1
near Kempsey,
NSW
2000 -22.8 -7.8 -1.8
Alectura lathami Carrai 2/1
near Kempsey,
NSW
2000 -23.4 -8.5 -2.4
Alectura lathami Carrai 2/2
near Kempsey,
NSW
2000 -22.4 -5.9 -2.4
Alectura lathami O62544
Mernot, near
Gloucester, NSW 1929 -6.1 -2.7
Alectura lathami B10044 Cambewarra, NSW < 1866 -9.4 -1.7





< 1877 -6.1 -1.4
Alectura lathami Kang. Is. A
Kangaroo Island,
SA
c. 1980 -22.4 -6.1 1.7
Alectura lathami Kang. Is. B
Kangaroo Island,
SA
c. 1980 -22.5 -6.0 1.4
Alectura lathami Kang. Is. C
Kangaroo Island,
SA








1995 -24.4 -9.3 -4.4





1995 -25.1 -11.5 -7.0
Megapodius decollatus MEG 59
Crater Mountain
NP, PNG
1995 -24.8 -7.7 -12.9
Megapodius decollatus MEG 80
Crater Mountain
NP, PNG 1995 -25.9 -8.5 -13.3
Talegalla jobiensis TAG 88
Crater Mountain
NP, PNG
1995 -23.4 -8.8 -3.6
Talegalla jobiensis TAG 134
Crater Mountain
NP, PNG
1995 -29.9 -10.4 -2.0
aAbbreviations used: SA, South Australia; NSW, New South Wales; QLD, Queensland; NP, National
Park; PNG, Papua New Guinea
bAustralian Museum collection number.
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eggshell calcite d13C is approximately 1.7 times more sensitive to changes in dietary
d13C than the organic fraction.  The observation is problematic because it conflicts with
the suggestion of Johnson et al. (1998) that eggshell D13C is conservative and that
departure from this offset is a potential indicator of diagenetic alteration of carbon
isotope ratios.  The results also conflict with the near-constant offset observed between
the d13C of bone collagen and apatite (Lee-Thorp et al., 1989), a system thought to be
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Figure 6.13 Relationship between the d13C values of the calcite and organic fractions of modern
Alectura eggshells.  To avoid unnecessarily biasing the regression in a), the three closely clustered data
points obtained on Kangaroo Island Alectura eggshells were weighted so that they represented a single
data point.  In b), the D13C values are shown in parantheses.
The explanation for this non-unity slope is not clear but it may relate to the fact that
Alectura, like other megapodes, is omnivorous (Jones et al., 1995).  The birds use their
large toes to search through leaf litter for small invertebrates and are also known to eat
fruits and seeds as well as small vertebrates such as lizards (Barker & Vestjens, 1990).
This omnivorous diet has important consequences for stable isotope analyses because
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the items consumed by Alectura are likely to differ in their lipid, protein and
carbohydrate content.  The relative contribution of these macronutrients to the diet of
Alectura is of isotopic importance because they tend to differ in their carbon isotope
ratios (Tieszen, 1991) and are expected to vary in their contribution to the two carbon
fractions of avian eggshells (Chapter 3).  Using bone collagen/hydroxyapatite carbonate
as a model for eggshell organics/calcite, the offset between the d13C values of the
organic fraction and biomineral is expected to contract as the proportion of lipids in the
diet increases.  The changing Alectura eggshell D13C values in Figure 6.13b are
therefore explicable in terms of variations in the lipid content of the diet.  That is, the
D13C primarily reflects the degree to which the megapode is omnivorous as opposed to
herbivorous, whereby a large D13C value reflects a reduction in the extent of
invertebrate predation.  From this perspective, the high correlation coefficient between
the paired d13C values in Figure 6.13a is a fortuitous artefact of a small sample size.  If
lipid content of the diet is responsible for controlling D13C, then increasing the sample
size to include the eggshells of megapodes subsisting at various points in the spectrum
between herbivory and carnivory should decrease the correlation coefficient and draw
the slope of the relationship between the d13C values closer to unity.  The investigation
of carbon isotope ratios in eggshells of other megapodes provides an opportunity to
examine this expectation (see below).
6.3.2   Carbon isotope ratios in other megapode eggshells
Invoking the lipid content of the diet as a primary control of the d13C values of eggshell
calcite serves to explain why a large range in D13C values is observed in modern
megapode eggshells other than those of Alectura (Fig 6.14).  The smallest offset
between calcite and organic fraction d13C values is 13.6 ‰ (Talegalla cuvieri from the
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Ayamaru Plateau, West Papua) and the largest is 19.5 ‰ (Talegalla jobiensis from
Crater Mountain National Park, Papua New Guinea).  The dataset of D13C values
exhibits a 6 ‰ range with a mean of 15.7 ± 1.5 ‰ (n = 16, including the Alectura
results).  When the slope of the relationship between the d13C of the calcite and organic
fractions of eggshells is examined (Fig 6.15), the trends expected of lipid consumption
(i.e. slope closer to unity and r2 value lower than the parameters in Fig 6.13a) are
observed.  This supports the idea that omnivory is responsible for the variable D13C
values.



































Figure 6.14 The d13C and D13C values observed in and between the calcite and organic fractions of
modern megapode eggshells.  The numbers in parentheses are D13C values for calcite (open circles) and
organic fraction (black circles) pairs.  Data from Table 6.6.
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Figure 6.15 Relationship between the d13C values of the calcite and organic fractions of modern
megapode eggshells, including those of Alectura.  As in Figure 6.13, the three closely clustered data
points are weighted to unnecessarily bias the regression.
While variable omnivory is a likely explanation for the slope and changing offset in the
relationship between megapode eggshell organic fraction and calcite d13C values, it
should be acknowledged that other less conventional explanations for the trends are
possible.  For example, if the two eggshell carbon fractions integrated the d13C of the
diet over different time periods they will exhibit a variable offset, especially if the diet
is isotopically heterogenious.  Alternatively, the wide range in D13C values may reflect
the unusually large yolk content of megapode eggs (Dekker & Brom, 1990).  Megapode
eggs are necessarily rich in yolk to provide precocial chicks with the reserves needed to
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dig their way out of nesting mounds or burrows and to supplement their energy supply
as they begin to forage for themselves.  As yolk is rich in lipids, megapode egg
formation may be concomitant with an unusually high elevation of blood lipid
concentrations.   If these isotopically light macromolecules are preferentially routed to
either of the eggshell carbon fractions then scope exists for highly variable D13C values,
such as those depicted in Figure 6.14.  This would make the d13C values of eggshells
sensitive to the physiology of individual birds, and thus offers an explanation as to why
the within-species variation in D13C is occasionally extraordinarily large (e.g. Talegalla
in Fig 6.14).
The trends observed in the carbon isotopes of modern megapode eggshells have
important implications for the interpretation of calcite d13C values of Alectura eggshells
from Hay Cave.  The d13C values of eggshell calcite are predicted to reflect variation in
the carbon isotopic composition of the diet as well as an additional mechanism, such as
the lipid content of the diet.  It is therefore difficult to confidently identify a change in
the isotopic composition of the diet explicable in terms of environmental change.  For
example, an increase in the proportion of carbon fixed by C3 photosynthesis into the
food chain of Alectura is expected to produce a shift towards more positive calcite d13C
values, the same shift expected of an increase in the consumption of lipid-rich insects.
Nevertheless, this problem can be largely circumvented by examining the relationship
between the d13C values of eggshells and setting.
In Figure 6.16 the modern d13C values are divided into three groups according to setting
and d13C.  The most positive d13C value (-4.8 ‰) was observed in Leipoa ocellata
eggshell, a megapode that inhabits the C3/C4 landscape of semiarid southern Australia.
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Megapode eggshells with d13C values approaching or more positive than the Leipoa
eggshell may reflect the input of C4 carbon to the megapode food chain.  The most
negative d13C values are observed amongst eggshells from the rainforests of Crater
Mountain National Park, Papua New Guinea.  This range of values is -11 to -7 ‰, and
presumably reflects the influence of abundant moisture and the effect of closed canopies
on the d13C fixed by C3 plants in wet rainforest settings (see Chapter 5).  Whilst these
specimens feature some of the smallest D13C values in the dataset, possibly reflecting
increased carnivory, the relatively negative d13C values in the organic fraction suggest
that low d13C values are characteristic of the overall diet.  The third group of megapode
eggshell d13C values occupies the middle ground between the most depleted tropical
rainforest and enriched C4/C3 ecosystem d 13C values.  These eggshells
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d13C (‰)
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 LEGEND:  Tropical rainforest   Closed forest   S.E. Cape York   Renmark, S.A. 
Figure 6.16 Range of d13C and d18O values in modern megapode eggshells.  Symbols indicate broad
groupings of eggshells according to setting (see text).
266      MEGAPODE EGGSHELS FROM HAY CAVE
typically come from C3-dominated closed forest settings with less rainfall than the
rainforest setting of the Crater Mountain eggshells.  Thus, this range (c. -10 to -6 ‰) is
considered typical of closed forest C3 settings.  The modern megapode eggshell
collected in the Hay Cave area has a d13C value of -9 ‰ and thus falls in the range
where the d13C of eggshells from tropical rainforests and closed forests overlap,
pointing towards the importance of carbon fixed by C3 photosynthesis in the food chain
of Alectura.
6.3.3   Oxygen isotope ratios in megapode eggshells
Laboratory and field observations indicate that the oxygen isotope value of drinking
water is an important control of the d18O of biominerals in terrestrial vertebrates
(Folinsbee et al., 1970, Longinelli, 1984, Luz et al., 1984, Luz & Kolodny, 1985,
Ayliffe & Chivas, 1990, D'Angela & Longinelli, 1990, Luz et al., 1990).  However, the
d18O values obtained on modern Alectura eggshells (Fig 6.16, Table 6.5) are of limited
use for modelling the isotopic fractionation that takes place when the drinking water
oxygen influx is assimilated into eggshell calcite.  This is because the d18O values of
calcite are not accompanied by data on the d18O of drinking water sources.  The issue is
further complicated by the lack of knowledge specific to megapodes on the relative
importance of oxygen influxes from drinking water relative to other important influxes,
such as atmospheric oxygen and oxygen released from food during digestion.
Nevertheless, it is noteworthy that d18O values of eggshells collected in close proximity
feature limited variability.  The 0.6 ‰ range at the Kempsey sites and 0.3 ‰ range
amongst the Kangaroo Island eggshells provide examples of the inherent variability in
Alectura eggshell d18O values.  Also noteworthy is the tendency for eggshells from
birds inhabiting tropical rainforest to exhibit lower d18O values than eggshells from
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other closed forest settings.  This may reflect the consumption of water derived from
isotopically depleted wet season rainfall events (see the IAEA data for Darwin in Fig
5.31) that coincide with the megapode breeding season.
6.3.4   Isotope ratios in eggshells from Hay Cave
Alectura eggshells from Hay Cave have a mean d13C value of -6.7 ± 1.2 ‰ (n = 56) and
range from -4.6 to -10.8 ‰.  There is no systematic trend in d13C values with respect to
depth and a range of at least 3 ‰ is maintained across all depths (Fig 6.17).  There is a
clear outlier at approximately 40 cm depth (-10.8 ‰).  The mean oxygen isotope ratio
of Alectura eggshells is -1.3 ± 3.8 ‰ (n = 56).  The d18O values range from -7.7 to
7.9 ‰ but only four specimens (7 %) have values in excess of 2.5 ‰; the typical range
is about 10 ‰.  No clear trend is evident with respect to the depth from which the
eggshells were recovered, although there is a tendency for eggshells lower in the
sequence to feature relatively high d18O values.  One of these eggshells has a d18O value
of 5.5 ‰ and a radiocarbon age of 2190 ± 40 years BP (OZG064).  A least-squares fit
of eggshell d18O values versus d13C values reveals a poor correlation between the two
datasets (r2 = 0.09, m = 0.09, b = -6.6, F = 4.94, P = 0.0306).
6.3.5   Controls on the isotope ratios of snail shells
Prior to examining the carbon and oxygen isotope ratios of Hadra shells from Hay
Cave, the factors that influence these values are briefly considered.  Reviews on this
topic are provided by Goodfriend & Magaritz (1987), Goodfriend (1992), Leone et al.
(2000) and Balakrishnan & Yapp (2004).  The d13C and d18O values of eggshell
carbonate primarily respond to changes in the isotopic composition of these two
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Figure 6.17 The d13C and d18O values of Alectura eggshells and Hadra land snail shells in the Hay
Cave sequence plotted against excavation depth.  The approximate depths of the aminozone boundaries as
described in Section 6.2.4 are shown.  The conventional radiocarbon age of an eggshell fragment with a
particularly positive d18O value is indicated.
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elements present in the diet and ingested moisture, respectively.  Similarly, these two
metabolic inputs and their isotopic compositions are important controls of the d13C and
d18O values of land snail shells.  However, the interpretation of carbon isotopes in land
snail shells is more complex than those of avian eggshells because three reservoirs,
atmospheric CO2, dietary organic carbon and ingested carbonates are significant
contributors to the d13C signal.  Atmospheric CO2 may exchange across the body
surface and will commonly reflect one of two sources, CO2 in equilibrium with the
regional atmosphere or CO2 in the microenvironment, such as that derived from plant
respiration or the decomposition of organic detritus.  As in avian metabolism, dietary
carbon is incorporated in shell carbonate in the form of respired CO2.  Carbonates, such
as limestone, are commonly ingested as a means of obtaining calcium for shell growth
and also make significant carbon contributions to the precipitation of shell aragonite.
Like vertebrates, major influxes of oxygen into the body water of a snail are inhaled
atmospheric oxygen, drinking water, preformed water and metabolic water.  Major
effluxes are evaporation from the body surface, the secretion of mucus and exhaled
CO2. In addition, molluscs exchange water vapour and CO2 with the environment
through their skin and the fluid at the site of shell precipitation.  Due to the influence
water exerts on oxygen fluxes, the d18O value of snail shells is particularly sensitive to
changes in the oxygen isotope ratios of the moisture the organism encounters.
Accordingly, several authors have observed that the oxygen isotope ratios of land snail
shells relate to the d18O of precipitation and water vapour (Lécolle, 1985, Goodfriend,
1992).  Balakrishnan & Yapp (2004) were able to demonstrate that a flux balance model
could successfully simulate the offset expected between the d18O values of land snail
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shell and local moisture at times of snail activity, and that this offset was particularly
sensitive to changes in relative humidity.
While foods consumed and water encountered are likely to be important controls on the
d13C and d18O of land snail shells, it is additionally important to recognise that unlike
homeothermic vertebrates, molluscs cannot regulate their own body temperature.  This
makes the degree of isotopic fractionation between body reservoirs of carbon and
oxygen upon their incorporation in shell aragonite sensitive to variation in
environmental temperature.  Using inorganic experiments (O'Neil et al., 1969, Mook et
al., 1974, Romanek et al., 1992) as a guide to the expected sensitivity of the
fractionation of carbon and oxygen isotope ratios during shell formation to temperature,
gradients of -0.2 ‰/ºC are likely for both d13C and d18O.
Like avian breeding seasons, carbonate shell formation tends to take place at a specific
time of year.  In seasonally dry climates such as that of northern Australia it is
advantageous for land snails to aestivate.  In such regimes, breeding, feeding and
growth tend to follow rains, with the animals being most active at night.  In the study
region these optimal conditions take place during the wet season, November to
February.  For this reason the formation of shell aragonite is expected to be biased
towards the same months over which the Alectura breeding season takes place.  There
are thus several behavioural and physiological reasons to expect that isotopic trends in
eggshell isotope ratios may be present in the values observed in snail shells.
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6.3.6   Isotope ratios in land snail shells from Hay Cave
The mean carbon isotope ratio of Hadra land snail shells from the Hay Cave sequence
is -8.4 ± 2.5 ‰ (n = 71).  The range is nearly 16 ‰, from -2 to -17.9 ‰, but more than
85 % of the values fall within one standard deviation of the mean.  There is little change
in mean d13C value with respect to depth within the profile (Fig 6.17) but there are
marked changes in d13C variability due to several outliers.  From 60 to 90 cm depth, the
range in the d13C values of shells is approximately 6 ‰, whereas above these depths the
range is in excess of 16 ‰.  These contrasts in variability are unlikely to be an artefact
of sampling density because the region with less variable d13C values comprises a larger
number of samples.
The oxygen isotope ratios of Hadra shells have an average value of -1.5 ± 2.2 ‰
(n = 71) and a range of approximately 9 ‰, from 2.5 to -6.7 ‰.  Variation in d18O
values amongst shells from similar depths is typically 5 ‰.  Unlike the other isotope
datasets, there appears to be a trend in land snail d18O values with respect to depth in the
Hay Cave profile (Fig 6.17).  The lowest values are observed near the surface of the
deposit, and values generally become more positive towards 60 to 70 cm depth.  Below
this depth some values approach the lower values observed near the surface of the
excavation.
There is a stronger correlation between d18O and d13C in the Hadra shell dataset than in
that of Alectura eggshell.  A linear least-squares fit of d18O versus d13C for the Hadra
values indicates a weak positive relationship exists between these two parameters
(r2 = 0.26, m = 0.60, b = -7.51, F = 24.85, P < 0.0001).
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6.4 DISCUSSION
6.4.1   Problems placing isotope analyses in chronostratigraphic context
In the absence of paired radiocarbon or amino acid analyses, the investigation of
temporal trends in the Alectura eggshell and Hadra shell isotope ratios is reliant on
grouping the specimens according to the depth from which they were excavated.
However, the recovery of Alectura eggshells with low A/I values towards the base of
the Hay Cave profile undermines confidence in the use of the depth from which
eggshells and snail shells were recovered as a means of placing the isotope analyses into
temporal groups.  For example, a small number of Alectura eggshells with a relatively
high d18O value were recovered from the depths occupied by aminozone C.  As this
potentially represented an interesting isotopic excursion one of these eggshells was
submitted for radiocarbon dating with the expectation that it was deposited during the
Early Holocene (i.e. the age of aminozone C).  The Late Holocene radiocarbon age
(OZG064, 2190 ± 40 years BP) for the specimen was therefore unexpected and
indicated that, like several of the eggshells subjected to amino acid analysis, this
specimen was recovered from sediments below that in which it was originally
deposited.  While future efforts to pair amino acid analyses with the eggshell and snail
shell isotope ratios will likely resolve this problem, currently depth is considered an
unsuitable means to place these specimens into temporal groups.  It is therefore not
presently possible to consider temporal trends in the isotope ratios datasets.
Nevertheless, there remains scope to examine the relationship between the d13C and
d18O values of each sample type, as well as their distribution, in an effort to identify the
factors controlling these parameters.
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6.4.2   Inferences from the distribution of d13C and d18O values
The frequency distribution of d13C and d18O values observed in Hay Cave Alectura
eggshells and Hadra snail shells are depicted in Figure 6.18.  By comparing the
distribution of these values to the d13C and d18O values observed in similar sample types
from other contexts it is possible to infer the likely sources of the carbon and oxygen
used to form the respective biominerals.
6.4.3   Distribution of eggshell d13C and d18O values
The isotope ratios of modern megapode eggshells provide a good starting point for
interpreting the d13C and d18O values of the Alectura eggshells from Hay Cave.  To
compare the carbon isotope ratios of these two datasets it is prudent to correct for the
influence of fossil fuels on the d13C of modern ecosystems.  For this reason 1.2 ‰ was
added to the modern megapode eggshell d13C values to correct for the difference in the
isotopic composition of the CO2 fixed by plants in the pre-industrial era (Friedli et al.,
1986, Indermühle et al., 1999).  After this adjustment, the Hay Cave d13C values
(-9 < d13C < -6 ‰) most closely resemble the d13C values of megapode eggshells from
‘typical’ C3 forests (-9 < d13C < -5 ‰) although they also overlap the d13C values
observed in eggshells from tropical rainforests (-11 < d13C < -7 ‰).  This suggests that
in the vicinity of Hay Cave, the carbon in the food consumed by Alectura entered the
food chain primarily via C3 photosynthesis and that carbon fixed by the C4 grasses of
the woodland understorey was of relatively minor importance.  This accords with the
presence of C3-dominated vine thickets in the vicinity of the limestone outcrops today.
As the distribution of eggshell d13C values in the Hay Cave profile varies little with
respect to depth (Fig 6.17) it is reasonable to conclude (even in the absence of
appropriate geochronological control) that in the vicinity of the site Alectura has
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Figure 6.18 Frequency distribution of d13C and d18O values in Alectura eggshells and Hadra snail
shells from Hay Cave.
Comparison of the oxygen isotope ratios observed in Hay Cave Alectura eggshells with
those obtained on modern megapode eggshells indicates that the spread in Hay Cave
values is broad enough to encompass nearly the entire range of d18O values observed in
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the modern specimens.  Values as low as those from Papua (c. -11 ‰) are not present in
the Hay Cave set.  If the digestion of water derived from monsoon rains are responsible
for producing the negative Papuan megapode eggshell d18O values (Fig 6.16), it is likely
that the wet season rains are also responsible for producing the most isotopically light
Alectura eggshell d18O values.  This is to be expected given the coincidence of the
Alectura breeding season with the Australasian wet season.
The wide range in d18O values (Fig 6.18) suggests the birds also had regular access to
water more enriched in 18O than typical wet season rains.  Given the ability of Alectura
to produce eggs over a protracted breeding season there is scope for the birds to
consume water that has resided in the landscape for a long period of time (perhaps
several months).  Such water may have undergone evaporation (higher d18O) and
replenishment (lower d18O), thus its consumption would be expected to introduce
variability into the d18O of tissues of organisms subsisting on these resources.
6.4.4   Distribution of snail shell d13C and d18O values
The carbon isotope ratios of Hadra shells from Hay Cave (Fig 6.18) are similar to the
values observed in other land snails from C3 settings.  Most of the d13C values of Hadra
shells fall within the range -11 < d13C < -6 ‰, slightly more positive than the d13C
values observed in the shells of Helix subsisting on lettuce (c. -14 ‰) (Stott, 2002,
Metref et al., 2003) but similar to values within a Limicolaria shell (-10 ‰) (Leng et
al., 1998), and shells of Xeropicta (-11 to -7 ‰), Trochoidea (-8 to -4 ‰), (Goodfriend
& Magaritz, 1987) and land snails from Jamaica (-11 to -7 ‰) (Goodfriend & Hood,
1983) and the British Isles (-12 to -6 ‰) (Yates et al., 2002).  In each of these studies
the snails were fed or suspected of feeding upon C3 vegetation.  Hence, it is reasonable
276      MEGAPODE EGGSHELS FROM HAY CAVE
to conclude that the Hay Cave Hadra shell d13C values reflect the incorporation of
carbon originating from C3 vegetation into shell carbonate.  This is in accord with the
association of C3 vegetation with the limestone outcrops the snails inhabit.
Unlike the other isotope ratios examined here, there appear to be systematic shifts in the
d18O values of snail shells with respect to depth in the Hay Cave profile (Fig 6.17).
While it is inappropriate to interpret these shifts in a temporal context given the
difficulties in assigning ages to the specimens, it is considered worthwhile to attempt to
identify the factors capable of producing temporal trends in snail shell d18O values.  One
such factor that is relevant to the interpretation of d18O values in both Alectura
eggshells and Hadra shells is the influence of continentality on the d18O of rainfall.
Unlike the archaeological sites from which Casuarius eggshells were recovered, the
distance of the coast to the west of Hay Cave has changed dramatically over the last
15,000 years due to changes in sea-level.  At times of low sea-level the exposure of the
shallow Gulf of Carpentaria placed the coastline to the west of Cape York over 600 km
more distant than it is today. The exposure of this landform is an important control on
the continentality of southeastern Cape York because the Australasian monsoon passes
over the area on its southeastern trajectory (Hobbs, 1998) and the warm waters of the
Arafura Sea are an important source for the generation of cyclones (Webster & Streten,
1972).  This means that rainfall-producing cloud masses travelled a greater distance on
their eastward trajectory without recharge from the Arafura Sea during times of low sea-
level.  As a cloud mass moves inland the oxygen isotopic composition of its vapour
becomes progressively more negative due to the preferential precipitation of
isotopically heavy water molecules (Dansgaard, 1964).  Thus the shells of snails
furthest from the origin of rain-producing cloud masses are expected to have relatively
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negative d18O values.  Perhaps the tendency towards more negative d18O values in the
stratigraphically oldest Hadra shells (> 80 cm depth in Fig 6.17) reflects the exposure of
the Carpentarian Plain.  The Plain was exposed prior to 10,000 years BP (Torgersen et
al., 1983, Chivas et al., 2001) and these shells are bracketed by radiocarbon ages of c.
14,000 and 16,000 cal years BP (Table 6.1).
From inorganic experiments it is known that temperature exerts an influence on the
gradient of the relationship between temperature and the fractionation of oxygen
isotopes during the formation of aragonite.  Fluctuations in temperature are therefore
important considerations when interpreting changes in snail shell isotope ratios over
time.  Using output from the NCAR CCM0, Hubbard (1995) inferred LGM temperature
depression of 2 ºC relative to the present for northern Queensland.  This temperature
shift would alter the fractionation of oxygen isotopes between body water and shell
aragonite by approximately -0.4 ‰, producing slightly more positive Pleistocene d18O
values.  However, as such a shift would be readily masked by changes in the d18O of the
meteorological cycle on glacial-interglacial timescales and the variability (range of
c . 4 ‰) in shell d18O values observed amongst specimens from similar depths,
temperature is not considered an important control on trends in oxygen isotope ratios of
snail shells from Hay Cave.
If the oxygen isotope ratios of land snail shells relates to the d18O values of precipitation
and water vapour then the Hay Cave Hadra shell d18O values are likely to relate to the
d18O values of wet season precipitation over Cape York as this is the time of year the
snails are most active.  This is significant because (as discussed in Chapter 5) the d18O
value of precipitation at Darwin (the closest IAEA station to Cape York) is negatively
278      MEGAPODE EGGSHELS FROM HAY CAVE
correlated with the amount of precipitation.  Thus, shifts in the d18O values of Hadra
shells in the Hay Cave profile could possibly reflect changes in the intensity of rainfall
over the site over time.  According to this simple relationship, the tendency towards
more positive Hadra shell d18O values lower in the profile would be indicative of
reduced rainfall intensity.  If these shells are Pleistocene in age then such an inference
would be consistent with other forms of evidence for reduced rainfall over northern
Queensland during the glacial period including a reduction in the carrying capacity of
rivers (Thomas et al., 2001) and expansion of grassland and sclerophyll vegetation
communities (Kershaw, 1976, Kershaw et al., 1993, Chivas et al., 2001).
6.4.5   Inferences from the correlation between d13C and d18O values
The relationship between d13C and d18O values in Alectura eggshells and Hadra shells
is presented graphically in Figure 6.19.  Given that positive (yet very weak) correlations
between the d13C and d18O values of both Alectura eggshells (r2 = 0.09) and Hadra
shells (r2 = 0.26) were observed, the mechanism responsible for producing these trends
might be a general characteristic of the local ecosystem.  For example, a decrease in
effective moisture should be expressed in the form of more positive d18O values (less
rainfall, more evaporation and evapotranspiration) and more positive d13C values
(isotopic artefact of the C3 response to moisture stress).  However, the stronger
correlation and steeper slope of the relationship between snail shell d13C and d18O
values are in accord with the idea that a mechanism not directly related to the controls
of eggshell isotope ratios is responsible for the coupling of the isotope trends in the snail
shells.





























Figure 6.19 Relationship between the d18O and d13C values of Alectura eggshell calcite and Hadra land
snail shell aragonite from Hay Cave.  Lines are linear least-squares regressions.  Regressions statistics are
provided in the text and correlation coefficients are indicated on their respective plots.
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If the d18O values of land snail shells relates to the d18O values of precipitation that, in
turn, relate to the intensity of rainfall, then the positively correlated d13C values are also
likely to relate to the moisture regime.  Moisture does not exert a primary control on the
d13C values of snail shells, therefore the link between these parameters must be indirect.
Hence, the influence of snail activity on the balance of dietary to atmospheric carbon
contributing to shell formation is a possible explanation for the relationship between
d13C and d18O.  An increase in the contribution of atmospheric CO2 (d
13C ≈ -7 ‰) to
shell formation via exchange across the snail body enriches the bodily CO2 pool in 
13C
(Goodfriend & Magaritz, 1987).  Alternatively, an active snail whose bodily CO2 pool
is dominated by carbon derived from the metabolism of C3 vegetation (d13C ≈ -25 ‰) it
consumes will precipitate aragonite with a relatively light carbon isotopic composition
(Goodfriend & Magaritz, 1987).  From this perspective, and assuming all other factors
are constant (i.e. d13C of diet is consistent, carbon derived from digested limestone is
invariant) then shifts in shell d13C values indicate snail activity, whereby activity is
negatively correlated with d13C values.
6.4.6   Comparison of d13C and d18O values of eggshells and land snail shells
As stated above, because the timing of snail and eggshell formation is biased towards
the wet season, and because carbon fixed by vegetation and oxygen from water are
important influxes to the formation of these biominerals, there are several behavioural
and physiological reasons to expect similar trends in the isotope ratios of Alectura
eggshells and Hadra snail shells from Hay Cave.  Conversely, there are several
mechanisms capable of producing contrasts between these two sets of isotope ratios.
For example, because Alectura is more mobile it is capable of assimilating carbon and
oxygen from spatially disparate sources, although unlike many birds it covers these
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distances on foot more often than by flying.  Also, as highlighted in Chapter 3, eggshell
isotope ratios provide a ‘snapshot’ of the diet, especially in birds like Alectura whose
freedom from parental duties enable them to continually turn nutrients and energy
consumed into eggs (i.e. ‘income’ breeders).  In contrast, the progressive growth of
snail shells captures a serial record of isotope ratios that is biased towards phases of
rapid shell growth and spans the organism’s life.  In the context of these controls the
objective of this discussion is to compare and contrast the Alectura eggshell d13C and
d18O values with those of Hadra snail shell aragonite.
From the Hay Cave study it appears that the detection of subtle environmental change is
more readily made using the isotope ratios of snail shells than eggshell because d13C
and d18O values in the former sample type are linked through the physiology of the
organism.  This is expressed in the correlation coefficient (r2 = 0.26) between snail shell
d13C and d18O values: an indiscernible trend in one isotope ratio might be identified in
the other. Conversely, if they are decoupled (as suggested by r2 = 0.09) then eggshell
d13C and d18O values potentially provide independent insights into a broader range of
palaeoenvironmental parameters than the isotope ratios of land snail shells.
Furthermore, fewer fluxes contribute to the d13C and d18O of avian eggshells than to
snail shells, therefore the interpretation of these values in this sample type should be
less convoluted than their interpretation in snail shells.
At Hay Cave, the distribution of eggshell d13C values is less variable than the
distribution of snail shell d13C values and this trend may relate to contrasts in the carbon
pools that contribute to the formation of these biominerals.  The d13C values of
eggshells occupy a 5 ‰ range and only one outlier is observed.  The Hadra shell d13C
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data include several outliers that are atypically negative with respect to the range of
d13C values observed in snail shells subsisting on isotopically light organic matter.
Even if these outliers are rejected the snail shell d13C values occupy a range that is still
twice as broad as the eggshell d13C distribution.  This broad range could reflect
fluctuations in the balance of dietary to atmospheric carbon contributing to shell
formation.  The variability present in the d13C values of eggshells might reflect the
isotopic effects of omnivory (see Section 6.3.1).  Unlike snail shells, atmospheric
carbon makes no contribution to the d13C values of eggshells because the diet is the only
carbon source that contributes to this biomineral: negligible amounts of atmospheric
CO2 may exchange with blood CO2 in the lungs.
In contrast to the d18O values of eggshells, the snail shell values occupy a narrower
range and the frequency distribution is unimodal.  It is possible that this single peak in
frequency represents the interaction of snail body water with a single reservoir, such as
water vapour or soil water, that is capable of integrating the isotopic effects of the
various mechanisms that alter the oxygen isotope ratios of water in a landscape.  The
important control that avian drinking water exerts on the d18O values of eggshells
favours the idea that this source is responsible for the wide range of Alectura eggshell
d18O values.  The implication of this suggestion is that the utility of oxygen isotope
ratios for monitoring environmental change will differ between these two sample types
according to setting.  Both will be useful where there are large (e.g. > 4 ‰) shifts in the
d18O of precipitation over time, but snail shell d18O values will be most useful when this
is recorded in water vapour or soil moisture, and the d18O values of eggshells will be
most productive when this is recorded in drinking water sources (e.g. puddles, pools,
water courses, lakes).
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In the histograms displayed in Figure 6.18 there is a broad overlap between the range of
eggshell and snail shell d13C and d18O values.  If it is assumed that both organisms
assimilate the organic matter and water with the same carbon and oxygen isotope ratios
(which is not unreasonable given that the d13C values in both sample types accord with
carbon fixed by C3 vegetation and that the formation of both biominerals is expected to
take place at the same time of year), then these overlaps are explicable in terms of the
isotopic discrimination that takes place upon the inorganic precipitation of these two
biominerals, calcite and aragonite, because they are predicted to have similar d13C and
d18O values at environmental temperatures.  The d18O of aragonite precipitated at 26 ºC
(an estimate of snail body temperature) is predicted to be 2.9 ‰ heavier than that of
calcite precipitated at 38 ºC (an estimate of megapode body temperature) (O'Neil et al.,
1969, Tarutani et al., 1969).  Similarly, across the range 10 – 40 ºC the d13C of
aragonite is predicted to be 1.7 ‰ heavier than co-precipitated calcite (Romanek et al.,
1992).  In the context of these expected relationships, the observed difference (c. -1 ‰)
between the modal d18O values of Hadra snail shells and Alectura eggshells is smaller
than expected by about 2 ‰ (i.e. the mode of the snail shell d18O is more negative than
expected).  Given the complexities associated with accurately modelling the importance
of fluxes to the d18O of these biominerals this discrepancy could be a product of any one
of a number of factors.  However, the importance of water vapour in governing snail
shell d18O values (Magaritz et al., 1981, Magaritz & Heller, 1983) offers an explanation
for this trend because (1) this vapour should be more depleted in 18O than the water of
the surfaces and vegetation from which it evaporated, and (2) these two 18O-enriched
reservoirs are likely to be important sources for the oxygen in Alectura eggshell calcite.
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6.5 CONCLUSIONS
Examination of the extent of isoleucine epimerisation in Alectura eggshells from Hay
Cave has improved its chronology in two ways.  The A/I values were observed to group
into two statistically distinguishable clusters in the Late Holocene sequence of the site,
indicating the presence of two recent but distinct temporal phases in the archaeological
record.  A similar inference could have been drawn from the radiocarbon chronology
but the relatively low density of radiocarbon ages made it unclear if this were the case.
The eggshell amino acid results are therefore important for defining the temporal nature
of the Late Holocene archaeological record at Hay Cave.  The second contribution of
the amino acid results is the Early Holocene age assigned to eggshells from the top of
stratigraphic unit 2.  This age assignment serves to further integrate the chronology for
the occupation of the limestone towers with that of southeast Cape York Peninsula as a
whole.
Hay Cave provides a rare opportunity to compare the carbon and oxygen isotope ratios
of the carbonate of avian eggshells and land snail shells in a stratified archaeological
sequence.  Unfortunately, the relationship between the eggshells and snail shells
subjected to isotope analyses and the chronological control for the sequence is not clear.
Consequently, it has not been possible to examine the isotope ratios with respect to
time.  Carbon isotope ratios of both carbonate biominerals are explicable in terms of
subsistence in a C3-based ecosystem, although it is likely that the snail shell d13C values
feature a physiological overprint.  Differences in the distribution of d18O values in the
two sample types are explicable in terms of water vapour governing snail shell d18O,
and drinking water governing eggshell d18O.  The comparison serves to highlight the
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relative utility of isotope analyses on these two sample types and the settings in which




Breathing Life into the Extinction of Aepyornis using
Eggshell Amino Acids and Stable Isotopes
Imagine you’re the first person to ever step onto Madagascar.  As far as archaeologists
can tell, you would have done so about two millennia ago, possibly in the southwest of
the island…  The landscape looks much as it does today, a flat, semiarid land of octopus
trees and other cactuslike plants of the spiny desert… You’re glad to be in the open air.
But then you notice something that stops you in your tracks.  A giant, ostrichlike bird,
perhaps twice your height, breaks out of the woods a stone’s throw away.  It’s not
flying, but running on thick, earth-pounding legs.
Tyson (2001, p. 135).
7.1 QUATERNARY EXTINCTIONS AND ENVIRONMENTS IN MADAGASCAR
The island of Madagascar is remarkable for the high level of endemism amongst its
plants and animals.  The 583,000 km2 landmass, located across the Mozambique
Channel from the east coast of Africa (Fig 7.1), is host to the world’s lemurs who make
up over 20 % of the world’s primate genera.  Approximately 80 % of the plant species
on Madagascar are endemic, and 95 % of the plant species in the spiny forests of the
south are found nowhere else on the planet.  The indigenous frog species are all
endemic, 91 % of the reptile species are endemic, as are 46 % of the bird species
(McNeeley et al., 1990).  The high levels of endemism make Madagascar an excellent
example of the influence of insular environments on biogeography.  Unfortunately, the
contemporary Malagasy biota is threatened by habitat destruction in the form of
clearing and burning (McNeeley et al., 1990).  Research into the island’s prehistoric
288      AEPYORNIS EGGSHELL BIOGEOCHEMISTRY
Figure 7.1 Madagascar and its vegetation communities.  Inset indicates the island of Madagascar in
relation to the African continent (after MacPhee, 1986).
environments has revealed that the recent degradation is potentially a continuation of a
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vertebrate genera have become extinct over the last two millennia (Burney & MacPhee,
1988).  The extinctions removed from the island a wide variety of animals including
birds, reptiles, lemurs and other mammals, leaving the island devoid of native animals
of body mass greater than 12 kg, with the exception of the crocodile, Crocodylus
niloticus (Burney & MacPhee, 1988).
The lemurs that became extinct on Madagascar were extraordinary in their
specialisations. Megaladapis featured a koala-like climbing motion (Dewar, 1984),
Palaeopropithecus and its close relatives were sloth-like lemurs (Godfrey et al., 1997),
Archaeolemur and Hadropithecus were terrestrial quadrupeds that have been likened in
their habits to baboons (Dewar, 1984), and Daubentonia was a giant and presumably
nocturnal aye-aye (Godfrey et al., 1997).  Pachylemur was the only genus of the extant
Lemuridae represented amongst the extinct fauna (Godfrey et al., 1997).  Non-primate
mammalian extinctions included an endemic aardvark Ples iorycteropus
madagascariensis, the puma-like viverrid Cryptoprocta spelea , and a pygmy
hippopotamus, Hippopotamus lemerlei (Dewar, 1984).  Non-mammalian members of
the megafauna include the large land tortoises Geochelone grandidieri and G. abrupta
(Dewar, 1984) and two genera of ratites, Aepyornis and the relatively diminutive
Mullerornis (Brodkorb, 1963).  Perhaps more extraordinary than the megafauna
themselves is the co-occurrence of their remains in fossil sites, indicating the ability of
prehistoric Malagasy ecosystems to support a variety of ecological niches (MacPhee et
al., 1985, Burney et al., 1997).
Radiocarbon ages point towards the extinction of the Malagasy megafauna sometime
over the last 2000 years, with a growing collection of ages suggesting some of the
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animals survived into the last millennium (e.g. Berger et al., 1975, Simons, 1995,
Burney et al., 1997).  This evidence for a recent extinction process is supported by
verbal and written accounts of fantastic animals reminiscent of the megafauna (Flacourt,
1661 cited in Battistini et al., 1963, Godfrey, 1986, Burney & Ramilisonina, 1998).  The
Malagasy extinction process was one of the last such prehistoric processes to take place
on our planet.  Similar events occurred previously in Australia, the Americas, and
subsequently in the islands of the Pacific, including New Zealand (Martin & Steadman,
1999).  Provocatively, the extinction of the Malagasy megafauna broadly coincides with
the timing of the arrival of people (Burney, 1997), a characteristic of the extinction
process that the island shares with the abovementioned landmasses (Martin &
Steadman, 1999).
Our knowledge of the Malagasy subfossil fauna comes primarily from faunal remains
recovered from Holocene sedimentary sequences.  European investigators visited many
of these sites in the late 19th century at a time when extinctions and extinct animals were
a scientific curiosity (Grayson, 1984).  Although early investigators succeeded in
identifying a diverse menagerie of extinct animals, in some cases in extraordinarily rich
deposits, these investigators were concerned more with the faunal remains themselves
than the context from which they were recovered (Dewar, 1984).  Consequently, many
of the geological clues to the environments at the time of deposition were lost.  In recent
decades, supported by a radiocarbon chronology, our understanding of Malagasy
palaeoenvironments has increased dramatically, resulting in a revision of long held
ideas on environmental change in Madagascar.
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Early explanations for the extinction of the megafauna hinged on the observation that
inland Madagascar, although wet and warm enough to support forest, is instead host to
floristically impoverished monotonous grasslands (Perrier de la Bathie, 1921, Humbert,
1927, Perrier de la Bathie, 1936, Humbert, 1949, 1955).  According to this ‘continuous
forest’ model, burning by early Malagasy removed primary forests, repressed secondary
regrowth and eventually produced the simplified grasslands and enhanced the dramatic
gully erosion (lavaka) seen across much of the inland.  The destruction of their habitat
promoted the extinction of the megafauna, many (but not all) of whom were arboreal,
and increased the productivity of the landscape for introduced cattle.  Although it offers
an explanation for the landscape seen today, the continuous forest model has little
relevance to extinctions in habitats beyond the grasslands of the interior, such as the arid
southwest.  More significantly, it has not withstood evidence from palynological
reconstructions of Holocene vegetation communities (MacPhee et al., 1985, Burney,
1987a).  These reconstructions indicate that open habitats, fire and vegetation change
are a common feature of Malagasy palaeoenvironments.  They therefore conflict with
the idea of unchanging tropical habitats encapsulated in the continuous forest model
(Burney & MacPhee, 1988).
Of greatest applicability to the arid south and southwest coasts of Madagascar are
hypotheses that explain the extinction of megafauna in terms of changing hydrological
regimes.  In this region there is geomorphological (Mahé & Sourdat, 1972),
palaeontological (Goodman & Rakotozafy, 1997) and palynological (Burney, 1993)
evidence that the region is now more arid than it was several thousand years ago.
Goodman and Rakotozafy (1997) identified large numbers of bones in subfossil
deposits of southwestern Madagascar representing a variety of waterfowl including ibis,
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ducks, cormorants, and storks.  According to these authors, this avian assemblage
identifies the presence of ‘marshland with extensive aquatic vegetation and areas of
open water’ (p. 271).  While the disappearance of coastal ponds and wetlands may be
the result of a reduction in regional rainfall (Burney, 1993), it is also possible that
changes in sea-level may be responsible for changes in groundwater levels.  Battistini
(1971) noted evidence for high sea-levels during the Late Holocene at a variety of
localities around Madagsacar, including the south and southwest.  The infiltration of salt
water into coastal groundwater reservoirs is capable of raising the water table and
bringing freshwater to the surface because water density is positively correlated with
salinity.  An increase in the surface expression of groundwater in the Mid and Late
Holocene may have been a product of the post-glacial marine transgression.  Regardless
of whether the decline of these surface waters is due to a drop in sea-level or a reduction
in precipitation feeding the water table, the landscape clearly cannot support the faunal
communities that previously relied on these water resources.
MacPhee and Marx (1997) argued that contagion of a hypervirulent disease may have
been responsible for the extinction of megafauna on Madagascar and other landmasses
colonised by people in the Late Quaternary.  This argument gains support from the
correlation between the timing of the arrival of people and megafauna extinctions, the
lack of Malagasy ‘kill sites’ that would indicate intense predation of megafauna, and the
difficulty invoking climate change as an important factor given the diversity of
environments encountered throughout the island.  The model is difficult to prove
because positive evidence of an epidemic capable of afflicting a diverse array of
animals is difficult to identify in the geological record.  The hyperdisease model is also
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weakened by the growing evidence for a lengthy overlap (hundreds of years) between
early Malagasy human populations and the late-survival of the megafauna.
Contrasting with the ‘continuous forest’, ‘hydrological’ and ‘hypersdisease’ models are
the ‘synergistic’ explanations for megafauna extinction promoted by Dewar (1984) and
Burney (1997).  The scenario favoured by Dewar (1984) identifies the early colonisers
as pastoralists, migrating inland over a landscape featuring a mosaic of grasslands and
woodlands, seeking graze for their cattle, hunting opportunistically, and burning
vegetation during the dry season to promote the growth of pasture.  The competition,
predation and habitat alteration impacted upon megafauna populations, triggering the
extinction process.  The consequential disruption to the herbivore-vegetation
relationship altered the composition of the flora in ways that made the vegetation
mosaic more vulnerable to degradation by fire.  Burney (1997) supports invoking a
mixture of anthropogenic fire regimes and predation of megafauna to explain Late
Holocene habitat alteration and megafauna extinction in Madagascar.  Burney identified
abrupt increases in the abundance of charcoal in Late Holocene palynological records as
evidence for changes in fire regimes after the arrival of people.
Despite more than a century of research into the Quaternary environments of
Madagascar and debate over the most dramatic aspects of this record, major deficiencies
in understanding Quaternary environments of the island persist.  In particular, the
prehistoric environments of rainforested eastern Madagascar are essentially unknown,
and the geological record for the Pleistocene (and indeed most of the Cenozoic; Dewar,
1984) is extremely sparse (Burney, 1987b, Simons, 1995, Burney et al., 1997, Gasse &
Van Campo, 1998).  Furthermore, although palynological records provide an excellent
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record of vegetation dynamics, the understanding of the response of both invertebrate
and vertebrate communities to environmental change is weak.  Research that can
contribute to any of these aspects of the prehistory of Madagascar has the potential to
significantly increase our understanding of the evolution of the unique Malagasy biota
and its response to environmental change.
7.2 RESEARCH AIMS
This research is focused on the biogeochemistry of eggshells of Aepyornis, one of two
genera of large flightless ratites, popularly known as the giant elephant birds, that once
inhabited Madagascar. Biogeochemical techniques previously applied to elephant bird
remains as part of palaeoenvironmental investigations include the radiocarbon dating
technique (Table 7.1), a single analysis of the oxygen isotope ratio of eggshell calcite
(Folinsbee et al., 1970), and the extraction of ancient DNA (Cooper et al., 2001).  The
latter study identifies the closest relatives of Mullerornis as the extant Australasian
ratites (the Casuariids and Apteryx), with the moa and Rhea the most distant.
The aim of this research is to explore the usefulness of two specific aspects of
Aepyornis eggshell biogeochemistry for the reconstruction of the natural history of the
genus and prehistoric habitat.  The first biogeochemical attribute to be investigated is
the extent of isoleucine epimerisation.  As it has previously been demonstrated that the
ratio of D-alloisoleucine to L-isoleucine (A/I value) in eggshells and other carbonate
fossils is an effective means of generating chronological control in Quaternary
sequences (Wehmiller et al., 1988, e.g. Goodfriend, 1991, Miller et al., 1999), the first
aim of this research is to evaluate the utility of Aepyornis eggshell A/I values for
establishing specimen age.  The assessment is to be largely based on the correlation
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between paired eggshell calcite radiocarbon ages and A/I values.  Additionally, heating
experiments designed to determine the temperature sensitivity of isoleucine
epimerisation in Aepyornis eggshells were conducted.  These experiments facilitate
quantitative estimation of the influence of temperature on the ability of the technique to
provide chronological control.











NRa Eggshell OxA-5079 NDFBd US – MAA unpublishede
NR Eggshell -12.3 A-2833 7450 ± 150 Long et al. (1983)
Mitoho cave Eggshell -13.3 b-16442 4030 ± 70 MacPhee (1986)
Belalanda Eggshellb NR 5210 ± 140 Marden (1967)
Beraroha Eggshellb NR 2930 ± 85 Marden (1967)
Maroaloke Eggshell -14.8 OxA-5077 2285 ± 40 Parker Pearson et al. (1995)
NR Eggshell -13.3 OxA-8281 2285 ± 35 US – MAA unpublished
Ampalora Eggshellb NR 1970 ± 90 Marden (1967)
Cervantes,
  Australia
Eggshell -14.0c OZA095 1930 ± 70 Long et al. (1998)
Itampolo Bone b-67659 1880 ± 70
H. James, unpublished, cited
in Burney (1997)
Talaky Eggshell OxA-8274 1835 ± 30 Parker Pearson et al. (2002)
Belo-sur-mer Eggshell b-90099 1830 ± 60 Burney (1997)
NR Eggshell -14.6 A-2834 1550 ± 90 Long et al. (1983)
Maroaloke Eggshell -12.7 OxA-5078 1415 ± 40 Parker Pearson et al. (1995)
Talaky Eggshell OxA-8270 1240 ± 35 Parker Pearson et al. (2002)
Irodo
  Tafiampatsa
Eggshell NR 1150 ± 90
Battistini and Verin (1966)
cited in Burney (1997)
50 km WSW of
  Fort Dauphin
Eggshell -14.4 UCLA-1893 1000 ± 150 Berger et al. (1975)
aNR = not reported.
bSpecimens from the same collection analysed as part of this research.
cValue assumed.
dNDFB = not discernable from background (i.e. beyond the practical limit of radiocarbon dating).
eUS – MAA = University of Sheffield – Musée d’Art et d’Archéologie.
The second biogeochemical attribute to be investigated is the carbon, nitrogen and
oxygen isotope ratios of Aepyornis eggshells.  Isotope ratios preserved in a variety of
biominerals have been used to trace nutrient flows through prehistoric ecosystems (e.g.
Bocherens et al., 1995, Fogel et al., 1997, Koch et al., 1998).  Similarly, the aim of the
carbon, nitrogen and oxygen isotope ratio analyses of Aepyornis eggshells is to
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elucidate the flow of energy and nutrients through the palaeoenvironments of
Madagascar to the eggshells of the extinct genus.  The objective is to provide insights
into the interaction of Aepyornis with its habitat, and through observation of temporal
trends in the isotopic composition of eggshells, identify changes in this environment
over time.  The aim is to use the eggshell amino acid and isotope biogeochemical
analyses to constrain and inform the models that compete to explain the extinction of
the Malagasy megafauna.
7.3 THE ELEPHANT BIRDS OF MADAGASCAR
7.3.1 Natural history
Present knowledge of the natural history of the elephant birds comes from their skeletal
remains and eggshells and the contexts from which these elements have been recovered.
From the reconstruction of skeletons it is known that the largest species, A. maximus
whose height was about 2.7 m, was not as tall as the largest of New Zealand’s extinct
moa (Wetmore, 1967) but at weights in excess of 400 kg (Amadon, 1947) is the most
massive bird of the Late Quaternary.  Like the largest extant ratites, Aepyornis was
flightless with long legs, a sinuous neck, vestigial wings, and was presumably
herbivorous (Fig 7.2).  From radiocarbon dates on elephant bird bones and eggshells
(Table 7.1) it is known that, like the Dinorthithidae of New Zealand and subspecies of
Struthio and Dromaius, these ratites became extinct in the Late Holocene (Grzimek,
1972).  Support for the recent extinction of Aepyornis comes from the intriguing
account of Etienne de Flacourt, a French governor of an outpost at Fort Dauphin in the
mid 17th century, of the vouroun patra, a large secretive, ostrich-like bird that inhabits
remote regions of the south;
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Vouroun patra, c’est un grand Oyseau qui hante les Ampatres, et fait des œufs comme
l’Autruche, c’est une espèce d’Autruche, ceux desdits lieux ne le peuvent prendre, il
cherche les lieux les plus deserts.
Flacourt (1661) cited in Battistini et al. (1963).
Figure 7.2 Artist’s reconstruction of Aepyornis maximus, with plumage based on that of Struthio
camelus (after Weber in Wetmore, 1967).
7.3.2 Eggshells
The eggshells of Aepyornis have been recovered from the dunes of Irodo Bay in the far
north of Madagascar (Mahé, 1972), however, they are more commonly encountered
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along the western and southern coasts.  The deposits of greatest interest due to their
high density of specimens are the coastal dunes of southern Madagascar:
What I had taken to be a field of sea shells was a carpet of aepyornis egg fragments,
literally thousands of them stippling a shallow bowl among the dunes.  There were at
least fifty sherds in each square yard . . . It was impossible to walk without crushing the
eggshells, and the sherds cracked underfoot with a tinkle of breaking porcelain.
 Marden (1967, p. 478).
Localities with high density Aepyornis eggshell accumulations recorded in the literature
include Faux Cap (Marden, 1967), Cap Ste. Marie (Parker Pearson et al., 1995) and
Talaky (Battistini & Verin, 1972).  It is possible that these eggshell accumulations are
evidence of nesting sites (i.e. in their primary depositional context).  Alternatively, the
concentrations may consist of mixed-age assemblages resulting from the deflation of
eggshell-bearing units.  Confirmation that the sites retain primary taphonomic
information about nesting activities would present the opportunity to gain insights into
Aepyornis breeding ecology, such as clutch sizes and nest densities.  Perhaps the sites
reflect a degree of communal nesting, possibly akin to the cooperative nests of Struthio
(Bertram, 1992).  It is also possible that people once gathered Aepyornis eggs and that
the high concentration of eggshells in localised areas reflects such activities (Dewar,
1984).  Geological deposits rich in dinosaur eggshells have previously been interpreted
in terms of nesting site fidelity (Horner, 1982, Sanz et al., 1995, Chiappe & Dingus,
2001).  Similarly, the Aepyornis eggshell deposits may reflect the annual return of the
birds to the same sites.  Interestingly, Late Holocene Aepyornis eggs have also been
recovered from the southwestern coast of Australia (Scott River and Cervantes).  It is
likely that these specimens were washed across the Indian Ocean under the influence of
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the same currents that bring King Penguin eggs from oceanic islands to Australian
shores (Long et al., 1998).
As the largest avian eggs ever produced, Aepyornis eggs rival those of even the largest
dinosaurs in size (Carpenter, 1999).  A complete specimen whose discovery was
documented by Marden (1967) is pictured in Figure 7.3.  Aepyornis eggshells typically
have dimensions slightly in excess of 30 ¥ 20 cm (Rowley, 1864) and have a cross-
sectional structure (Fig 7.4) that conforms to the ratite eggshell morphotype (Mikhailov,
1997).  The specimen in Figure 7.4 was collected from a surface scatter of eggshells on
beach sands at Faux Cap.  The absence of the mammillary core outer edge indicates the
inner surface of the shell is absent.  This may be due to abrasion or may reflect the
dissolution of the inner surface of the eggshell by the embryo.  The eggshell is
approximately 3.8 mm thick, a measurement comparable to those of Tyler and Simkiss
(1959; 3.47 mm and 3.51 mm).  The cone layer features small crystals radiating out
from mammillary cores.  Overlying the cone layer are near-vertical, elongate crystals.
These finger into the squamatic zone around 0.6 to 1.0 mm from the inner surface of the
shell.  The squamatic zone is dense with a block-like structure.  A pore is clearly visible,
the sides of which are coated in minerals rich in aluminium and silica, contaminants
from the depositional environment.  The pore width varies between approximately 70
and 100 mm.  The observations of Tyler and Simkiss (1959) indicate that simple single
channel pores are the most common type found in Aepyornis eggshells and that if
branching occurs it is close to the outer surface of the shell (Fig 7.5).
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Figure 7.3 A complete Aepyornis eggshell obtained in southern Madagascar by Marden (1967).  The
egg is stained with the blood of a chicken sacrificed to express gratitude to the ancestors for the find.
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Figure 7.4 Scanning electron microscope image of a fragment of Aepyornis eggshell from Faux Cap,
Madagascar.  Image obtained by the author.  The scale bar is equivalent to 1 mm and the outer surface is
orientated toward the top of the page.
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Figure 7.5 Casts of Aepyornis egghell pores (Tyler & Simkiss, 1959).  Single channel pores are
common and if branching occurs it does so close to the external zone.  The image is orientated so that the
outer surface of the eggshell would be towards the top of the page.
7.4 MATERIALS, METHODS AND SITES
7.4.1 Study region
Southwestern Madagascar is the driest region on the island (Fig 7.6).  The mean annual
temperature is approximately 23 ºC and as the mean annual rainfall is between 300 and
600 mm the area is largely semiarid (Donque, 1972, Fig 7.6).  This dry climate contrasts
with the high precipitation observed in eastern and northern Madagascar. Located over
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the subtropical Indian Ocean is a high-pressure system whose strength and location
modulates the annual progression of the Malagasy seasons.  The trade wind from this
system brings warm and humid air to the east coast of Madagascar.  The mountainous
Figure 7.6 The southern Madagascar study region, indicating isohyets and the location of major rivers,
lakes, towns and eggshell collection sites.  The eggshells analysed came from the vicinity of Tuléar and
the locations indicated by numbered crosses: (1) Nasua, (2) Faux Cap, and (3) Beraroha near
Ambovombe.
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relief of the east coast induces orographic precipitation and as a result this region
receives high rainfall.  In summer the system weakens and migrates south-east,
directing trade winds to the southern reaches of the island and permitting penetration of
monsoonal systems from low latitudes to the north of the island, bringing summer rains.
These systems bring some rain to southwestern Madagascar, and although cyclones may
intersect the island, the south is little influenced by their activity.  Trade winds
descending from highlands to the east and northeast also fail to produce much rainfall in
the south due to the foehn effect.  The irregular passage of cold fronts throughout the
year sometimes produces intense storms in the south, resulting in a contrast with the
highly seasonal rainfall that takes place throughout the rest of the island (Donque,
1972).
The biota of Madagascar is renowned for its endemism and the vegetation of
southwestern Madagascar is the most endemic on the island (Koechlin, 1972).  In terms
of biomass the dense coastal thicket, characterised by the presence of the endemic
family Didiereaceae and genus Euphorbia, is the most important in the study region
(see Fig. 7.7).  The vegetation is xerophilous with a specialised physiognomy.  Growth
forms of the Didiereaceae exhibit a remarkable convergence with the Cactaceae and the
aborescent, aphyllous Euphorbias feature fleshy and spiny branches.  As well as the
thicket proper, there are forests more typical of the vegetation of seasonal western
Madagascar in the southwestern region (Koechlin, 1972).  These forests are deciduous
and characterised by Dalbergia, Commiphora and Hildegardia (Lowry et al., 1997).
AEPYORNIS EGGSHELL BIOGEOCHEMISTRY      305
Figure 7.7 The landscape of coastal southwestern Madagascar.  A) 1967 excavation of Itampolo, a
former waterhole and important subfossil locality.  B) View from coastal dunes at Itampolo looking east,
with the Mahafaly Plateau on the horizon.  Photos by P.S. Martin, archived at the Department of
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A small number of rivers dissect the landscape of southwestern Madagascar (Fig 7.6), a
region of sparse and ephemeral surface water resources.  The Fiherenana and Onilahy
rivers have their headwaters in the hills approximately 150 km to the west, and enter the
Mozambique Channel near Tuléar.  Farther south, in the northern reaches of the
Mahafaly Plateau, are the fossil drainage systems of Itambono and Andaingo (MacPhee,
1986).  The Plateau is a porous limestone landscape devoid of surface water but
immediately to the south the Linta reaches the sea.  Flow in the Linta is ephemeral,
being completely dry from April to December (Aldegheri, 1972).  The three major
fluvial systems of the far south are the Menarandra, Manambovo and Mandrare rivers.
Flow in these systems is highly seasonal, being greatest in summer.  The Manambovo
may be dry seven to eight months of the year (Aldegheri, 1972).  Lake
Tsimanampetsotsa is the only still water basin of any significance in the study region.
The lake (6000 ha) abuts the northern reaches of the escarpment of the Mahafaly
Plateau and its waters are shallow and alkaline, draining the karst landscape (Goodman
& Rakotozafy, 1997).  In contrast to the paucity of modern basins featuring surface
waters, Holocene depositional sequences and their subfossil assemblages attest to the
recent presence of more abundant water resources in the region.  The reasons why the
aquatic ecosystems inhabited by waterbirds, hippopotami and crocodiles have
disappeared are not clear.  Possible explanations include a reduction in precipitation,
and a lowering of sea level and concomitant drop in groundwater tables (Section 7.1).
7.4.2 Specimen identification
The parataxonomy of Aepyornithidae eggshells is poorly developed.  Consequently, it is
not possible to assign Aepyornis eggshells to species and attempting to define oospecies
is beyond the scope of this research.  However, Malagasy ratite eggshells have been
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assigned to either Mullerornis or Aepyornis on the basis of thickness.  Relatively thick
eggshells are assigned to the latter genus (e.g. Burney et al., 1997) because skeletal
remains indicate Aepyornis to be larger than Mullerornis (e.g. Amadon 1947 and
references therein).  It is due to their thickness that the eggshells in this study are
assigned to the genus Aepyornis.  The specimens are typically 3.0 to 4.0 mm thick.  If
the most recent revision of the family is accepted then the eggshells could potentially
represent any of four different species of Aepyornis; A. maximus, A. medius,
A. hildebrandti or A. gracilis (Brodkorb, 1963).  To enable interpretation of Aepyornis
eggshell biogeochemistry it is assumed that all species represented in the eggshells
analysed share a single ecology and physiology, and that their eggshell amino acid
biogeochemistry is uniform.  With respect to isoleucine epimerisation this assumption
seems reasonable given the similar reaction rates observed amongst different species of
megapode eggshells (Section 5.10.2), although the reaction is known to vary between
genera (Magee & Miller, 1998, Miller et al., 2000).  With respect to eggshell isotope
ratios this assumption is expected to be satisfactory given broad similarities amongst the
feeding ecology of the larger extant ratites (i.e. they are primarily herbivorous, itinerant
foragers) (Noble, 1991).
7.4.3 Collections
This research is focused on 60 fragments of Aepyornis eggshell obtained from three
collections consisting primarily of specimens from southwestern Madagascar.  A brief
description of each collection is provided below and further details on the collections
are provided in Table 7.2.
(1) Five specimens collected by A. Macintosh (University of Sydney) from
coastal dunes at Faux Cap.
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(2) Seven specimens collected by L. Marden (see Marden, 1967) were obtained
from the Division of Birds at the Smithsonian National Museum of Natural
History.
(3) Forty-eighty specimens from a variety of sites in southwestern Madagascar
collected by P.S. Martin and housed in the Department of Paleobiology at
the Smithsonian National Museum of Natural History.
Of the samples whose collection site is known, the most northerly Aepyornis eggshells
come from the vicinity of Tuléar, the largest town in southwestern Madagascar.  The
sites in this vicinity are (1) Belalanda, (2) a shore dune at Songoritelo, to the north of
Tuléar, and (3) Table Mountain, to the east of Tuléar.  The precise location of Belalanda
is unknown but a conventional radiocarbon age of 5210 ± 140 years BP (lab code
unknown) was obtained from an unidentified eggshell in the collection.  Important
subfossil localities in the area include Ambolisatra (now known as Andolonomby),
Andranovato, Sarodrano and Taolambiby.  The palynological record obtained from
Andolonomby by Burney (1993) indicating increasing aridification after 3000 years BP
is the most important palaeoenvironmental record for the arid south.
Aepyornis eggshells were sampled for biogeochemical analyses from Nasua (also spelt
Nisua, Nisoa and Nishua), a location identified by P.S. Martin as 22 km south of
Itampolo (USNM accession no. 283830).  The remains of both Aepyornis and
Mullerornis, along with those of hippopotami, were recovered from Itampolo by
Lamberton in the 1930s, an observation confirmed by excavations at the site by Martin
in 1967 (USNM accession no. 283830).  At Nasua, Martin described Aepyornis
eggshells as very common in a dry gully east of an unidentified windmill and on top of
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a hill, to the west of the windmill, along with thin (presumably Mullerornis) eggshells.
It is from collections made at the latter area that eggshells were sampled for
biogeochemical analyses.





Site Collection context Collector
Collection
date
EB1 – 5 9691 Faux Cap
Eroding sand
dunes.
A. Macintosh 20 April, 1997
USNM41892A – B Beraroha Near Ambovombe L. Mardenc March, 1967







15 km north of
Tuléar, shore dune
above mangrove.
Drift 2’ wide, 5’
up bank.











a face about 2 ¥ 2
m




























aFor further information on the P.S. Martin collections see USNM accession no. 283830.
bINSTAAR Amino Acid Laboratory code (AAL).
cFor further information see Marden (1967).
In 1997 Ann Macintosh collected five fragments of Aepyornis eggshells from Faux Cap
after disembarking from a boat anchored at 25º13’ S, 46º44’ E.  Her diary entry reads
‘fragments of aepyornis egg shells were eroding out of the sand dunes and I brought
back a few for an attempted [radiocarbon] date – probably far too contaminated’.
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Aepyornis eggshells collected by L. Marden from Beraroha are the most eastward
sampled for biogeochemical analyses.  A radiocarbon age of 2930 ± 85 years BP (lab
code unknown) was obtained from eggshells at the site but there is no indication (e.g.
freshly fractured edges) that the date was obtained from the two eggshell fragments in
the Smithsonian collection.
7.5 METHODS
7.5.1 Amino acid analyses
The methods used to determine the extent of isoleucine epimerisation and amino acid
concentrations in Aepyornis eggshells follow Miller et al. (2000).  These methods are
described in Chapter 4.  The only variation was crushing the eggshell into fragments
(c. 3 mm across) with a hammer (after isolating the squamatic layer) to maximise the
surface area exposed for the acid etch.
7.5.2 Heating experiments
To simulate the diagenesis of protein residues at environmental temperatures over
thousands of years, fragments of the radiocarbon-dated Aepyornis eggshell with the
lowest A/I value (AAL9691E, from Faux Cap) were heated for various lengths of time
at 110, 143 and 160 ºC as described in Chapter 4.
7.5.3 Stable isotopes
Methods for determining the stable isotopic composition of carbon and nitrogen
isotopes in the organic fraction, and of carbon and oxygen in eggshell calcite, follow
those described in Chapter 4.
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7.5.4 Radiocarbon ages
All radiocarbon ages obtained during the course of this research were determined from
cleaned Aepyornis eggshells submitted to the ANSTO radiocarbon laboratory.
Preparation of eggshells for radiocarbon dating was identical to that described in
Chapter 4.
7.6 RESULTS
Several difficulties are encountered when researching the amino acid and stable isotope
biogeochemistry of eggshells of an extinct bird.  In terms of isoleucine epimerisation,
modern specimens traditionally used for heating experiments and determining the extent
of laboratory-induced epimerisation during hydrolysis (e.g. Sejrup & Haugen, 1992,
Oches et al., 1996) are lacking.  From the analysis of modern ratite eggshells it is
known that the extent of laboratory-induced epimerisation is conservative, with fresh
eggshells exhibiting an A/I of approximately 0.020 (Chapters 5 and 6, Johnson et al.,
1997, Miller et al., 1997).  For heating experiments, the lack of modern specimens is
slightly more difficult to circumvent.  Due to taxon-dependent isoleucine epimerisation
rates in avian eggshells (Miller et al., 1999) extrapolation from observations from
experiments on the eggshells of extant birds to those of extinct genera is inappropriate.
The most practical alternative (the approach adopted here) is to select prehistoric
specimens with a low A/I value, thereby maximising the potential range of A/I values
observed under controlled conditions.
7.6.1 Isoleucine epimerisation under controlled conditions
Results obtained on the extent of isoleucine epimerisation in Aepyornis eggshells heated
at high temperatures are presented in Table 7.3 and depicted in Figure 7.8.  Reaction
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rates can be found in Table 7.4.  Prior to treatment (i.e. t = 0) the A/I value of the
heating experiment specimen was 0.094 ± 0.014.  From this initial A/I the reaction
proceeded most rapidly at 160 ºC, reaching 0.667 ± 0.001 after 18 hours of heating at an
average reaction rate of k1 = 419.7 yr
-1, after which the reaction slowed.  This initial
phase of rapid epimerisation was also observed at 143 ºC, ending at observation of
A/I = 0.915 at which point the average reaction rate was k1 = 67.49 ¥ 10 yr
-1, after

























































110 ºC 143 ºC
160 ºC
Figure 7.8 Isoleucine epimerisation in Aepyornis eggshell under controlled conditions.  Lines indicate
the range over which the reaction approximates reversible first-order kinetics.  A/I values are transformed
using the natural logarithm term of the integrated rate equation.
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Table 7.3 Extent of isoleucine epimerisation and abundance of isoleucine and hydroxyl amino acids in
Aepyornis eggshells heated under controlled conditions at high temperatures.
Temperature (ºC) Analysis numbera Heating timeb A/I ± SD
t = 0 9691E 0 0.094 ± 0.014
110 9771 3 0.109 ± 0.002
9772 7 0.191 ± 0.004
9773 13 0.263 ± 0.003
9774 15 0.238 ± 0.005
9775 20 0.344 ± 0.008
10071 30 0.445 ± 0.005
10076 45 0.547 ± 0.004
143 9757 1.04 0.315 ± 0.001
9758 2 0.462 ± 0.001
9759 3 0.610 ± 0.005
9760 4 0.665 ± 0.006
9761 5 0.753 ± 0.002
9762 6 0.766 ± 0.001
9763 8 0.915 ± 0.003
9764 11 0.964 ± 0.008
9766 20 1.103 ± 0.005
9767 25 1.114 ± 0.015
9769 37 1.177 ± 0.003
9770 49 1.190 ± 0.004
160 9748 3 0.203 ± 0.002
9749 6 0.359 ± 0.006
9750 9 0.389 ± 0.003
9751 12 0.551 ± 0.007
9752 18 0.667 ± 0.001
9753 24 0.725 ± 0.004
9754 36 0.794 ± 0.002
9755 48 0.881 ± 0.004
9756 72 1.078 ± 0.002
aINSTAAR Amino Acid Laboratory code (AAL).
bUnits of time: 110 and 143 ºC data measured in days, 160 ºC data measured in hours.
constant (kavg = 6.946 yr
-1), suggesting that at this isotherm the observation period was
insufficiently long to witness the slowing of the reaction rate observed at higher
temperatures.  The curvilinear reaction kinetics observed at 143 and 160 ºC conform to
two-phase model of kinetics described by Kriausakul and Mitterer (1980) that identifies
an initial phase of rapid epimerisation and a latter phase of markedly slower
epimerisation, separated by a transitional zone of intermediate reaction rates.
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As described in Chapter 4, the methods of McCoy (1987) were used to determine Ea
(activation energy) and A (Arrhenius constant) of the Arrhenius equation from the
observation of isoleucine epimerisation in Aepyornis eggshell at high temperatures.  In
addition to the laboratory results, the mean reaction rate (k1) calculated using the
integrated rate equation from the A/I of two radiocarbon-dated eggshells was used to
constrain the least-squares fit at values for k1 observed at environmental temperatures
(Fig 7.9).  The effective diagenetic temperature (EDT) experienced by these field
samples was estimated from the mean annual temperature at Fort Dauphin (23.0 ºC,
Vose et al., 1992).  For isoleucine epimerisation in Aepyornis eggshell the activation
energy (Ea) and Arrhenius constant (ln A) are estimated to be 29.5 ± 0.7 kcal mol
-1 and
40.2 ± 40.1, respectively.  Parameters associated with the calculation of these variables
are presented in Table 7.4.
Table 7.4 Least-squares estimate of Arrhenius parameters and their associated error terms for
isoleucine epimerisation in Aepyornis eggshells.




0.002309 4.197E+02 6.02292 0.20265 0.000007 0.05190 19.269
0.002403 6.749E+01 4.17753 0.27982 0.000007 0.08913 11.220
0.002610 6.946E+00 1.88993 0.33770 0.000007 0.12487 8.008
0.003377 4.872E-05 -9.93022 0.05790 0.000019 0.08260 12.106
T SD k1 total SD k1 wi dk1/dA dk1/dEa r
433.15 8.562E+01 1.056E+02 8.966E-05 1.241E-15 -4.461E-01
416.15 1.967E+01 2.268E+01 1.943E-03 3.054E-16 -1.143E-01
383.15 2.411E+00 2.806E+00 1.271E-01 1.408E-17 -5.721E-03
296.15 2.819E-06 1.621E-05 3.806E+09 1.825E-22 -8.660E-08 0.9870
B m A SD A Ea SD Ea
40.171 -14823.8 2.792E+17 2.653E+17 29457.8 714.1




















y = -14823.8x + 40.2
r = 0.987
Ea = 29457.8
A = 2.792 * 1017
Figure 7.9 Arrhenius plot describing the temperature sensitivity of isoleucine epimerisation in
Aepyornis eggshell.
7.6.2 Amino acid diagenesis under controlled conditions
Changes in the amino acid composition of Aepyornis eggshells with respect to the
extent of isoleucine epimerisation are presented in Figure 7.10.  The relative abundance
of aIle + Ile, Leu and Gly residues remained approximately constant across all A/I
values in each of the experiments at percentages of 9, 15 and 18 %, respectively.
Residues of Glx and Ala tended to be the most abundant amino acids and steadily
increase in relative abundance with increasing A/I.  In contrast, residues of Thr + Ser















































Figure 7.10 Relative abundance of amino acids versus the extent of isoleucine epimerisation in
Aepyornis eggshells heated at (a) 110, (b) 143 and (c) 160 ºC.  The abundance of each amino acid is its
percentage contribution to the sum (in mol/mg) of all amino acids for which data are presented.
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steadily decrease with increasing A/I.  In the 143 and 160 ºC treatments, the abundance
of Thr + Ser declines to near-background levels close to A/I = 0.90.  At 110 ºC, near-
background Thr + Ser concentrations are reached at A/I = 1.10.  The increase in the
concentration of Ala is explicable in terms of the diagenetic production of this amino
acid from higher molecular weight molecules (e.g. Thr + Ser).  Conversely, as Glx is
not produced during diagenesis its gradual increase in relative abundance is explicable
in terms of its resilience to decomposition.
7.6.3 Field specimen A/I values and radiocarbon ages
The extent of isoleucine epimerisation observed in Aepyornis eggshells are listed in the
appendices (Section A.4) and presented in Figure 7.11.  These values range from 0.057
to 1.360.  While further analyses are needed to determine the extent to which the A/I
values are influenced by inter-year batch effects, it is clear that the A/I values fall into
two groups, one in which A/I < 0.3 and a second in which A/I > 0.75.  From the
radiocarbon ages (Fig 7.11, Table 7.5) it is apparent that the group of eggshells with A/I
values less than 0.3 are Holocene in age, specifically Mid to Late Holocene.  The
inability to obtain finite radiocarbon ages on the group of eggshells with high A/I values
is taken as evidence that these specimens are Pleistocene in age.  With these divisions,
approximately 88 % of the eggshells in the collection are estimated to be of Holocene
age.
Along with the absence of values across the range 0.3 > A/I > 0.75 there is also a
paucity of eggshells with A/I values of about 0.125.  This frequency distribution
suggests that there are distinct periods of time during which conditions were conducive
























Beyond the practical limit of the
radiocarbon dating technique
Figure 7.11 Histogram of Aepyornis eggshell A/I values across all collection sites.  In lieu of possible
batch effects, the 2002 and 2003 data sets are represented by different shading.  Radiocarbon ages of
eggshells are indicated.








(± 1s, yr BP)
Calibrated radiocarbon ageb
(cal yr BP)
9691A -13.5 OZF854 3260 ± 50 3410 – 3550 (3470)
9691B -13.0 OZF855 4060 ± 50 4440 – 4780 (4610)
9691C -14.2 OZF856 4140 ± 50 4530 – 4820 (4670)
9691D -15.1 OZF857 Background
9691E -13.5 OZF514 1610 ± 40 1420 – 1540 (1520)
aINSTAAR Amino Acid Laboratory code (AAL).
aMaximum – minimum (unique calendar age), ± 1s range.
to the preservation of Aepyornis eggshells.  Although the failure to observe values
below a cut-off of A/I = 0.06 is explicable in terms of the extinction of Aepyornis in the
Late Holocene, the other gaps in the chemostratigraphic record are not so readily
explained.  Extrapolating from the observation that ratite eggshells are most commonly
recovered from aeolian sequences (Chapter 1), the preservation of Aepyornis eggshells
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may be enhanced during periods of sand movement which enables the eggshells to
become rapidly buried.  Sands can become mobile due to the removal of vegetation
cover (e.g. during arid periods) or due to an increase in the sediment flux (e.g. periods
of rising sea-levels).  Alternatively, the presence of eggshells may be linked to the
changing biogeography of Aepyornis that is in turn linked to the geologically ephemeral
presence of the drinking water resources or vegetation on which the birds subsisted (see
Section 7.7).  For example, the infiltration of salt water into coastal aquifers during the
Holocene marine transgression may be responsible for raising groundwater tables of the
study region to elevations necessary for sustaining coastal wetlands.  This possibility is
supported by radiocarbon ages in the range 3500 – 5000 cal years BP obtained on some
of the oldest Holocene Aepyornis eggshells (0.2 > A/I > 0.3).  These radiocarbon ages
coincide with those obtained on beachrock cements and mollusc shells representing a
Mid Holocene highstand along the South African coastline, across the Mozambique
Channel from the study region (Ramsay, 1995).
The observation of eggshells with low A/I values accords with the prevalence of
Holocene radiocarbon ages on both Quaternary faunal remains and sedimentary
sequences obtained from this region of Madagascar (e.g. Burney, 1993, Parker Pearson
et al., 1995).  Significantly, however, radiocarbon assays indistinguishable from
background paired with high A/I values is considered evidence that Pleistocene deposits
also exist in the region.  Dewar (1984, p.574) stated that ‘No Pleistocene, indeed no
Cenozoic, terrestrial fossil deposits are known in Madagascar’.  Since the time of
Dewar’s writing, Pleistocene radiocarbon ages have been obtained on the bones of an
extinct lemur from a cave from the karst landscape of northernmost Madagascar
(Simons, 1995).  Thus, it would appear that Aepyornis eggshells have the potential to
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contribute to the little known Pleistocene prehistory of Madagascar, especially if
eggshell A/I values are calibrated with a numeric chronologic technique, such as that
based on U-series disequilibrium.  With adequate calibration, Aepyornis eggshell A/I
values could provide an effective means of determining the age of the Pleistocene units
in which they are recovered, or provide a temporal framework for the interpretation of
paired biogeochemical analyses, such as eggshell isotope ratios.
7.6.4 Amino acid diagenesis in field specimens
In Figure 7.12 the relative abundance of amino acids in Aepyornis eggshells are plotted
relative to the extent of isoleucine epimerisation.  The data points presented in this
figure were obtained from eggshells collected at Faux Cap as well as those collected by
the University of Sheffield-Musée d’Art et d’Archéologie research group.  The latter are
not otherwise considered in this chapter because their collection context is unknown.
They are included here because they (n = 8) increase the significance of the results
obtained on the Faux Cap (n = 5) eggshells.  The biogeochemical attributes of these and
other eggshells whose collection context is not known are listed in the Appendices
(Table A.11).
Patterns of change in the relative abundance of Aepyornis eggshells amino acids in
Figure 7.12 are similar to the trends observed under laboratory conditions (Fig 7.10).
Likely explanations for these diagenetic trends can be found in Section 7.6.2.  As
observed at high temperatures, Ala and Glx residues increased over time from values of
about 19 and 26 %, respectively, of all residues in Holocene eggshells to values of 23
and 31 % in Pleistocene eggshells.  Holocene and Pleistocene eggshells are readily
distinguished by the markedly lower relative abundance of Thr + Ser residues in the
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latter samples.  The amino acids that were consistent contributors to the amino acid
population at high temperatures (Gly, aIle + Ile, Leu) similarly had near-constant
percentages in the field specimens.  In summary, there is good agreement in terms of
both direction and relative abundances in the changes observed in amino acid
compositions induced under controlled conditions and observed at environmental
temperatures over thousands of years, suggesting that diagenesis takes place
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Figure 7.12 Relative abundance of amino acids versus the extent of isoleucine epimerisation in
Aepyornis eggshells.  Eggshells are divided into Holocene and Pleistocene groups according to their
extent of isoleucine epimerisation.  Results are presented for eggshells from Faux Cap and those collected
by the University of Sheffield – Musée d’Art et d’Archéologie research team.  The relative abundance of
each amino acid is its percentage contribution to the sum (in mol/mg) of all amino acids for which data
are presented.  Data are presented for the 2002 batch of analyses only.
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7.6.5 Modelling the timing of Aepyornis extinction using A/I
Ideally, a close correlation would exist between A/I and radiocarbon age, thus
promoting use of the extent of isoleucine epimerisation as a numeric dating technique
suitable for precisely determining the timing of Aepyornis extinction.  Armed with
knowledge of the temperature-sensitivity of the reaction, field calibration of the rate of
isoleucine epimerisation in a particular area (such as the southwestern Madagascar
study area) could be extended to other regions with potentially different thermal
regimes, thereby establishing the use of A/I values for determining the age of eggshells
throughout the island.
In order to determine the suitability of eggshell A/I for numeric dating, the correlation
between paired A/I values and calcite radiocarbon ages was assessed.  This correlation
is presented graphically in Figure 7.13.  A tight correlation between eggshell A/I and
radiocarbon age was observed (r2 = 0.945).  However, while the results of the
regression are significant at 95 % confidence levels, they are not significant at 98 %.  A
larger dataset is necessary to confirm the observed trends, but the proximity of the y-
intercept (equivalent to A/I = 0.026) to the value expected of modern eggshell (A/I =
0.020) increases confidence of validity of the regression.  The regression statistics
indicate that amongst eggshells with similar ages, the range in A/I values is expected to
be approximately ± 0.030.  As this range is in excess of the analytical error associated
with the measurements it is concluded that the variability is inherent in the A/I values of
the field samples (assuming that radiocarbon age is an accurate indicator of numeric
age).  There are several possible sources for this variability.  Given the systematic
diagenesis of amino acid residues in these eggshells variable preservation/contamination
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is an unlikely explanation.  A more likely explanation is between-specimen differences
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m = 8.26 ± 1.41*10-5




Figure 7.13 Correlation between the extent of isoleucine epimerisation and calibrated radiocarbon age of
Aepyornis eggshells.  Statistics for the unweighted linear regression are provided.  Error bars represent
the analytical error associated with A/I and the 1s range of calibrated radiocarbon ages.
Ideal samples for isoleucine epimerisation analyses are either buried rapidly after
deposition or spend much of their burial history at depths one metre or more from the
surface (Miller & Brigham-Grette, 1989).  At these depths the fluctuations in
temperature observed at sub-annual (diurnal, seasonal) scales are reduced, increasing
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the proximity of the EDT to the mean annual temperature.  However, many, if not all, of
the Aepyornis eggshells sampled in this study were recovered from surface scatters and
this is a context that serves to enhance the potential variability in between-specimen
EDT.  From the Arrhenius parameters it is calculated that the range in rate constants
observed amongst the radiocarbon-dated Holocene eggshells corresponds with a 0.8 ºC
range in EDT.  This is a plausible temperature range given the lack of precise collection
details and absence of a strategic field sampling protocol.
Regardless of the mechanism responsible for producing variability in A/I values
amongst similar-age Aepyornis eggshells, it is confidently concluded that eggshell A/I
will not provide numeric chronological control with a level of precision comparable to
that attainable with radiocarbon dating.  Nevertheless, independent of concerns
regarding temperature-dependency of reaction rates and correlation of A/I values with
calendar ages, the statistically significant positive relationship between eggshell A/I and
age (Fig 7.13) indicates that Aepyornis eggshell A/I would serve as a useful proxy for
chronologically identifying the extinction of Aepyornis populations in the subfossil
record in the manner Miller et al. (1999) identified the timing of Genyornis extinction in
the Lake Eyre basin.  Eggshells with low A/I values will represent the most recent
Aepyornis populations, and as such, would be the most productive samples to date using
the radiocarbon technique to precisely define the timing of the genus’ extinction.  The
development of baseline data such as the timing of extinction is imperative for assessing
the validity of models that compete to identify the factors responsible for the extinction
of Aepyornis.
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In order to assess whether the relationship between A/I and radiocarbon age observed in
this study is likely to be observed at sites with different thermal regimes elsewhere on
Madagascar, the experimentally-determined Arrhenius parameters were used to evaluate
the likely difference in A/I values in eggshells of the same age from disparate sites.  For
environmental temperatures the Arrhenius parameters (Table 7.4) predict that the rate of
isoleucine epimerisation in Aepyornis eggshells is expected to increase approximately
18 % for every 1 ºC increase in EDT.  The regions from which Aepyornis eggshells
have been reported are predominantly coastal, and as a consequent their thermal
regimes are moderated by sea surface temperatures.  Proximity to the warm waters of
the Mozambique Channel explains why the mean annual temperature at sites along the
west coast of Madagascar vary only a few degrees (Donque, 1972), being 24.2 ºC at
Tuléar, 26.4 ºC at Majunga farther north, and 26.0 ºC at Diego-Suarez in the far north
(Vose et al., 1992).  Using the paired radiocarbon-A/I values in Figure 7.13 it is
calculated that k1 = 8.26 ¥ 10
-5 yr-1 in the south.  In the north, where the mean annual
temperature is about 2 ºC warmer, the rate of isoleucine epimerisation is predicted to be
about 1.4 times faster, k1 = 1.14 ¥ 10
-4 yr-1.
As a hypothetical example to illustrate how the change in reaction rate translates to the
extent of isoleucine epimerisation in Aepyornis eggshells, a 1000 year-old eggshell
representing a late-surviving population of elephant birds in the south is expected to
have an A/I value of approximately 0.067.  Eggshells of the same age exposed to an
EDT 2 ºC warmer (representative of temperatures in the north such as the eggshells
from Irodo Tafiampatsa, see Table 7.1) would be expected to exhibit an A/I value 25 %
higher, of approximately 0.085.  If these two A/I values were observed in field
specimens and the integrated rate equation were used to derive age estimates, with an
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analytical uncertainty of SD = ± 0.005 the ages estimates would have errors of about
± 77 years in the north and ± 106 years in the south.  These errors do not incorporate the
inherent variability in Aepyornis eggshell A/I values with respect to time (Fig 7.13).
Although A/I may not be an ideal means of estimating eggshell age, it is clear from this
example that the error terms are smaller where the reaction progresses more rapidly.
From this observation it is suggested that rapid reactions such as the racemisation of
Asx or accumulation of D-alloisoleucine in the pool of free amino acids would be a
powerful means of improving the age-resolving ability of Aepyornis eggshell amino
acid biogeochemistry.
7.6.6 Palaeotemperature implications of Aepyornis eggshell A/I values
As illustrated in Figure 7.14, if the rapid rate of isoleucine epimerisation in the
radiocarbon-dated Holocene Aepyornis eggshells were to continue, the extent of
isoleucine epimerisation (A/I = 0.75) in the eggshell with a background radiocarbon age
would correspond to an eggshell age of about 17,000 years.  Given that the background
radiocarbon indicates that this eggshell is at least 40,000 or 50,000 years old, it is clear
that the reaction rate must slow at some point after 5,000 years BP.  It is possible that
the decrease in the reaction rate relates to slowing of the rate of isoleucine epimerisation
after the cessation of reversible first-order kinetics.  At high temperatures this transition
takes place after A/I = 0.6 (160 ºC) or A/I = 1.0 (143 ºC), thus it is possible that the
intrinsic reaction rate has begun to slow in field specimens where A/I = 0.75.
Alternatively, the decrease in the rate of epimerisation prior to 5,000 years BP may be
driven by a change in EDT.  As seen in Dromaius eggshells from semi-arid Australia
(Miller et al., 1997), cool Pleistocene temperatures will be reflected in a decline in the
rate of epimerisation relative to that seen in Holocene eggshells.  The extent of
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isoleucine epimerisation in Aepyornis eggshells with radiocarbon ages between 10,000
and 30,000 years BP would be of great value for determining the usefulness of A/I

































If the reaction was to
proceed at the Holocene
reaction rate, A/I = 0.75
would be attained after
17.2 ka
Eggshells greater than c. 40 ka
exhibit A/I values greater
than 0.75, indicating




t = 40 ka
Figure 7.14 Model illustrating the palaeotemperature implications of isoleucine epimerisation in
Aepyornis eggshells.  The model is constructed on the assumption that the reaction conforms to reversible
first-order kinetics to a value of at least A/I = 0.75 and that the Holocene effective diagenetic temperature
applies to the period prior to 5 ka.
328      AEPYORNIS EGGSHELL BIOGEOCHEMISTRY
7.7 ISOTOPE RATIOS IN AEPYORNIS EGGSHELLS
The absence of information on breeding and feeding ecology commonly used to support
the interpretation of isotope results (e.g. Rubenstein et al., 2002) is largely lacking in
this study due to Aepyornis’ extinction.  To facilitate the interpretation of isotope ratios
it is assumed that like extant ratites (Noble, 1991) the genus was primarily herbivorous.
Like Struthio and Dromaius it is possible that Aepyornis possessed a physiology
designed to conserve water in arid environments (Williams et al., 1993, Maloney &
Dawson, 1998).  The diversity of social systems and nesting strategies found amongst
the extant ratites (Crome, 1975, Bertram, 1992, Coddington & Cockburn, 1995)
prohibits extrapolation to the breeding ecology of Aepyornis.  However, because
incubation time is dependent upon egg size (Rahn & Ar, 1974) an incubation period of
approximately three months is likely for Aepyornis although it is possible that the
incubation period is shorter than this to reduce desiccation (Gefen & Ar, 2001).  Also,
because shortening day length hormonally controls the onset of the breeding season
(Sharp, 1996, Malecki et al., 1998), it is likely that Aepyornis eggs were laid during the
austral winter, as seen in Dromaius (Coddington & Cockburn, 1995), Struthio (Bertram,
1992) and Casuarius (Crome, 1975).
In order to examine spatial trends in eggshell isotope ratios inter-site comparisons are
limited to Holocene eggshells.  Identification of Holocene eggshells is based on A/I
values (A/I < 0.3).  Also included are eggshells from Beraroha and Belalanda.
Although these eggshells lack A/I values, they are classified as Holocene because
radiocarbon ages of c. 3 and 5 ka have been obtained on fragments in these collections,
and because many of the eggshells from the study region are Holocene in age.
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7.8 CARBON ISOTOPE RATIOS
The inter-related aims of the Aepyornis eggshell carbon isotope analyses are to (1)
characterise the d13C values of Aepyornis eggshells, and (2) identify the photosynthetic
pathway/s utilised by the vegetation on which the birds subsist and the relative
contribution of these vegetation types to Aepyornis’ diet.  Elucidating the interaction of
the elephant birds with their prehistoric Malagasy habitat is of importance for the
following reasons:
1) Along with the extinct tortoises, hippopotami and ground-dwelling lemurs
Hadropithecus and Archaeolemur, the ratites were the largest terrestrial
herbivores on the island.  Although nothing is known of their population
densities, it is presumed that the Malagasy vegetation was adapted to predation
by the elephant birds and that this predation formed a significant flow of
nutrients between trophic levels.  Ratite herbivory is therefore important for
modelling the functioning of prehistoric Malagasy ecosystems.
2) The tall stature of the elephant birds would have enabled them to occupy a
browsing niche unattainable by the hippopotamus, tortoises and terrestrial
lemurs, and their ratite physiology and bipedalism presumably enabled them
adopt a more itinerant foraging ecology than these other herbivores.  Thus, the
interaction of the Malagasy ratites with the plants on which they subsisted was
likely different from that of the other megaherbivores, and an understanding of
herbivory in the prehistoric environments of Madagascar would be incomplete
without specific attention to the interaction of the elephant birds with plants.
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3) Identification of the vegetation on which Aepyornis subsisted is necessary for
refining the models that compete to explain the extinction of the elephant birds.
For example, the thorny thicket characteristic of the south is less susceptible to
burning than woodlands or grasslands because of its discontinuous
groundcover: consequently, it is one of the most intact vegetation communities
in Madagascar (Koechlin, 1972).  Isotopic evidence indicating Aepyornis
subsisted on this vegetation community would weaken models that attempt to
identify anthropogenic habitat alteration as a factor responsible for the genus’
extinction in the south.  Similarly, wide ranging carbon isotope values
indicating consumption of vegetation from a variety of communities might
reflect indiscriminate herbivory.  Such behaviour would reduce the risk of
extinction upon the degradation of a single habitat type.
7.8.1 Aepyornis eggshell d13C values
Characterisation of the d13C values of Aepyornis eggshells is based on a data set of
paired eggshell calcite and organic fraction carbon isotope analyses on 60 specimens,
the results of which are presented in the appendices (Table A.10).  Following the
protocol set in Chapter 4, the IQR of eggshell D13C values are used to set criteria for the
rejection of eggshell isotope analyses.  In this manner, one set of isotope analyses is
identified as potentially anomalous (Fig 7.15).  As the calcite d13C value of this eggshell
is the most positive amongst the dataset this is the likely source of the anomaly.  The
eggshell also features a high A/I value (A/I = 1.325), so perhaps the anomaly is a
product of its great age.  The isotope analyses associated with this sample are not
considered further.
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Figure 7.15 Quartile plot for the identification of anomalous Aepyornis eggshell D13C values.  As
described in Chapter 4, values are considered anomalous if they fall beyond ±1.0*IQR, where IQR is the
inter-quartile range (i.e. 75 % - 25 %).
The mean (SE) d 13C value of the organic residue in Aepyornis eggshells is
-23.2 ± 0.9 ‰ (-26.0 < d13C < -21.4 ‰, n = 60).  The d13C values of the calcite fraction
average -12.6 ± 1.3 ‰ and have a range of  -14.9 < d13C < -8.9 (n = 60).  The slope
defining the relationship between paired d13C values is slightly less than unity (Fig
7.16) and the mean (SD) offset between paired values is 10.6 ± 0.9 ‰.
7.8.2 Interpreting Aepyornis eggshell d13C values
Compared with the range of carbon isotope ratios observed in other ratite eggshells the
Aepyornis eggshell d13C values are remarkable for their conservatism (Fig 7.17).  In the
mixed C3/C4 open woodlands of central Australia eggshell d13C values are observed to
vary widely.  For example, the d13C values of Dromaius eggshell calcite range over
approximately 14 ‰ in the oldest samples in the dataset of Johnson et al. (1999) and the
range in the eggshells of co-existing Genyornis populations is typically 6 ‰ (Miller et
al. unpublished).  Although not as high, the d13C values of Aepyornis eggshells are
similar in their degree of variability to those of the discriminating mixed-feeder Struthio
(Johnson et al., 1997, Johnson et al., 1998), and the d13C values of ratite eggshell calcite
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observed throughout the Neogene-Quaternary Namib Desert sequence obtained by


















-27 -26 -25 -24 -23 -22 -21 -20
d13C (organic fraction, ‰)
b = 10.0 ± 3.0






Figure 7.16 Relationship between the carbon isotope ratios of the calcite and organic fraction of
Aepyornis eggshells.  Statisitical parameters describe a least-squares unweighted linear regression.
There are no significant between-site differences in the d13C values of Holocene
eggshells (i.e. A/I < 0.3) (see Figs 7.18 and 7.19) (organic: Welch ANOVA, F = 2.4657,
P = 0.1296, calcite: ANOVA, F = 1.6749, P  = 0.1801, and P  > 0.05 for all non-
parametric tests).  Similarly, amongst the results from Nasua significant differences
between Holocene and Pleistocene d13C values were not observed (calcite: P = 0.0721,
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organic: P = 0.4580).  In light of this homogenous set of results the d13C values were
pooled to form a single population for estimation of the contribution of C3 vegetation
































Figure 7.17 Comparison of carbon isotope ratios in the organic fraction of Aepyornis, Dromaius (Miller
et al. unpublished), Genyornis (Miller et al. unpublished) and Struthio (Johnson, 1995) eggshells.




















































































Figure 7.19 Carbon isotope ratios in the calcite of Aepyornis eggshells from various sites across
southern Madagascar.
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7.8.3 Estimating CAM consumption
The contribution of C3 vegetation relative to that of CAM and C4 vegetation to the diet
of Aepyornis can be estimated using carbon isotope ratios because these two plant
groups have distinct and characteristic d13C values.  It is not possible to resolve the
contribution of more than two sources to a mixture when the latter is defined by only
one isotope ratio.  Fortunately, although CAM d13C values can be highly variable,
isotope analyses of Malagasy CAM plants reveal values that tend to be similar to those
observed in plants that use the C4 photosynthetic pathway (see below), such as the
grasses found in western Madagascar.  Thus, conclusions made on the consumption of
CAM plants can be extrapolated to provide information on the consumption of C4
grasses.
A simple linear two-end member mixing model was used to estimate the relative
contributions of C3 and CAM vegetation to the diet of southern Madagascar Aepyornis
populations:
dM = F Ad A + F Bd B,
1 = F A + F B, Equation 7.1
where d = isotope ratio, F = flux (percentage contribution), subscript M = mixture, and
subscripts A and B = the two sources.  To quantify the errors associated with this model
the spreadsheet program, ISOERROR v 1.04, of Phillips & Gregg (2001) was used.
Data on the d13C of leaves of arborescent CAM plants from field locations throughout
the study region (Winter, 1979, see Fig 7.20, Kluge et al., 1991, Kluge et al., 1995)
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were used to estimate the d13C of this flux to the Aepyornis diet.  While these data
provide a good approximation of CAM d13C, similar information is not available on the
d13C of C3 vegetation in the study region.  As a surrogate, d13C values observed in C3
vegetation from Amboseli National Park, Kenya (Koch et al., 1991), were used to
estimate the isotopic composition of this dietary flux (see Fig 7.20 and Table 7.6).
Similarities in mean annual rainfall (300 mm yr-1) enhance the suitability of this
extrapolation.  To make the d13C values of modern vegetation more appropriate to the
predominantly Holocene context of the eggshell collections, both the CAM and C3 d13C
values were corrected for recent anthropogenic alteration of the d13C value of
atmospheric CO2.  If it assumed that the ratio of the concentration of intercellular to
atmospheric CO2 has remained approximately constant, then modern plant d
13C values
should be corrected by 1.2 ‰, reflecting the difference in modern versus Holocene CO2
carbon isotope ratios (Friedli et al., 1986, Indermühle et al., 1999).
Having defined d13C values for the two sources (CAM, -13.5 ± 2.5 ‰; C3,
-26.7 ± 2.8 ‰, Table 7.6), it is necessary to adjust the d13C values of Aepyornis
eggshells for the isotopic discrimination that takes place upon assimilation of the plant
carbon and its incorporation into eggshell organics.  From the values for Struthio
eggshells (von Schirnding et al., 1982, Johnson et al., 1998) the offset between the d13C
of Aepyornis eggshell organics and diet was estimated to be 2.0 ± 1.1 ‰.  To calculate
the d13C of Aepyornis diet this offset was added to the average isotopic composition of
Aepyornis eggshell organics, and the error term was calculated from the square root of
the quadratic sum of the standard deviation of the Aepyornis eggshell d13C values and
the offset (Table 7.6).
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Figure 7.20 Histogram of the carbon isotope ratios of CAM and C3 vegetation, and the organic fraction
of Aepyornis eggshells.  To facilitate the comparison, Aepyornis eggshell values are adjusted for the diet-
tissue offset (2 ‰) and plant values are adjusted for the difference between modern and Holocene CO2
d13C values (-1.2 ‰).  CAM data from Kluge et al. (1991, 1995) and Winter (1979).  C3 data from Koch
et al. (1991).
The results of the mixing model (Table 7.6) indicate that the Aepyornis diet was
dominated by isotopically light C3 vegetation.  The likely proportion of succulent
vegetation in Aepyornis’ diet is estimated to be 11 ± 6 %, corresponding to a ratio for
C3 to CAM consumption of 8:1.  Although indicative of near-complete reliance on C3
vegetation, the flux proportions should not be over-interpreted.  Although best estimates
for all parameters were used, uncertainties exist regarding the isotopic composition of
the dietary inputs and the ability of eggshell isotope ratios to reflect their assimilation.
As indicated by the range in values in Figure 7.20, the d13C of CAM plants has the
potential to be highly variable.  This is due to the ability of CAM plants to switch
between nighttime fixation of CO2 via phosphoenolpyruvate carboxylase (expected
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under conditions of moisture stress and expressed in enriched d13C values) and C3
daytime fixation of CO2 via RUBISCO (O'Leary, 1981).  However, the d
13C surveys
conducted by Kluge et al. on the Malagasy succulents indicate that where these plants
occur in the arid regions of southern Madagascar they exhibit high phenotypic plasticity
in their CAM behaviour.  That is, their photosynthetic behaviour is strongly biased
towards nighttime fixation of CO2 (Kluge et al., 2001).  This observation increases
confidence in the use of modern CAM d13C values in the mixing model.
Table 7.6 Linear mixing model estimate of the relative contributions of CAM and C3 vegetation to the
diet of Aepyornis.  Errors calculated using ISOERROR v 1.04 of Phillips & Gregg (2001).
Original data d13C (‰) n Inputa d13Cb (‰) Flux Mean ± SE
Aepyornis -23.2 ± 0.9 60 M -25.2 ± 1.4
CAM -14.7 ± 2.8 45 A -13.5 ± 2.8 CAM 11 ± 6 %
C3 -27.6 ± 2.5 9 B -26.4 ± 2.5 C3 89 ± 6 %
aSee Eqn. 7.1.
bSee text for adjustments made to original d13C values.
The greatest uncertainty in the mixing model is the offset between the d13C values of
Aepyornis’ diet and carbon isotopic composition of its eggshells.  If the offset were
close to 3 ‰, for example, then the flux of C3 grasses contributing to Aepyornis’ diet
would be statistically indistinguishable from 100 %.  Differences in the digestibility of
CAM and C3 plants would serve to bias eggshell d13C values towards the vegetation
type most readily assimilated, and may necessitate the use of vegetation-specific factors
for expressing the d13C offset between diet and eggshell carbon.
While it is difficult to verify the carbon isotope results by conventional palaeontological
techniques, the use of an alternative isotopic tracer may provide a means for confirming
Aepyornis’ negligible consumption of CAM plants.  For example, the dD of dove
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tissues were used to estimate relative reliance on the fruit of cacti in the Sonoran Desert
(Wolf & Martinez del Rio, 2000).  The use of a dual isotope mixing model enables the
contributions of three potential sources to be evaluated.  Analysis of dD and d13C in
Aepyornis eggshells would present the opportunity to demonstrate that the birds
consumed very few C4 grasses as well as CAM vegetation.
7.8.4 Palaeoecological inferences from carbon isotope ratios
It has been postulated that the large size of the elephant birds increased their
reproductive success by providing their breeding population with a physiological buffer
against an unpredictable climate (R.E. Dewar pers. comm.).  For example, breeding
success in a population of Propithecus vereauxi (an extant lemur weighing 2 – 3 kg)
from southwest Madagascar has been observed to correlate with body mass (Richard et
al., 2000).   The heaviest females were most likely to give birth than lighter ones, and
body mass was observed to fluctuate with rainfall, being most dramatic in mature
females.  Animals like Propithecus, that store the resources needed for reproduction, are
termed ‘capital breeders’.  At the opposite end of the spectrum are ‘income breeders’,
animals that rely upon their breeding season intake of nutrients and energy to meet the
demands of reproduction (Jönsson, 1997).
Aepyornis eggshells exhibit d13C values expected of an organism subsisting on the trees
and shrubs of the habitats outside the xerophilous thicket of the south, such as the open
woodlands that characterise much of western Madagascar.  Perhaps Aepyornis was a
capital breeder that used its massive frame to store fat and muscle tissues to be
catabolised for the synthesis of its voluminous eggs and to support the parent/s through
the three-month incubation period.  Although it is possible that Aepyornis spent the
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majority of the year subsisting in C3-dominated habitats then migrated towards the
nesting sites for the breeding season, the palynological record of Burney (1993)
indicates that the arboreal species found in the woodlands of western Madgascar today
were more abundant prior to 3000 yr BP.  It is therefore possible that the vegetation of
the littoral south was formerly more capable of providing Aepyornis with its preferred
browse, negating the need to migrate into the area to breed.  Thus, there are two
alternative possibilities for describing the feeding ecology of Aepyornis.  The carbon
used by Aepyornis to synthesise its eggs was acquired either outside of breeding season
habitat, or selectively browsed from within this habitat from plants that were formerly
more abundant.
7.9 OXYGEN ISOTOPE RATIOS
The relationship between the oxygen isotope ratio of drinking water and body water
(d18Odrinking water/d
18Obody water) approaches unity as body size increases (Bryant &
Froelich, 1995).  Therefore, theoretically, the d18O values of Aepyornis eggshell calcite
should more accurately reflect changes in the d18O of drinking water than the eggshells
of any other bird.  However, several factors can potentially complicate the interpretation
of eggshell d18O values.  These factors include the unknown relative importance of the
oxygen influx derived from food (either present in food or a byproduct of metabolism)
relative to that derived from drinking water.  This is a particular concern in birds from
dry environments because the availability of drinking water may fluctuate dramatically,
altering the relative contribution of this oxygen influx.  Variation in the relative
contribution of these two main influxes is important because they are expected to differ
in their oxygen isotopic composition.  The d18O values of leaf cellulose and water are
increased to varying degrees by evapotranspiration (e.g. Dongmann & Nürnberg, 1974).
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Similarly, the d18O values of surface water are susceptible to enrichment via
evaporation (e.g. Gonfiantini, 1986).  Evaporation and evapotranspiration shift d18O
values in the same direction, hence trends towards higher d18O values in biominerals
can be expected to reflect hotter, drier environments (Ayliffe & Chivas, 1990, Cormie et
al., 1994, Johnson et al., 1998).
It is due to uncertainties in the relationship between the d18O values of body water and
drinking water that the d18O values of Aepyornis eggshell calcite cannot be modelled
accurately.  Interpretations of Aepyornis eggshell d18O values are therefore semi-
quantitative.  The distribution of Aepyornis eggshell d18O values can be compared
between sites and throughout time (i.e. ‘compare like with like’), but the relationship
with the d18O values of precipitation (such as precipitation d18O records for the
Antananarive IAEA station), other biominerals (e.g. land snail shell, tooth phosphate,
other types of eggshell), and oxygen bearing minerals (e.g. soil carbonates,
speleothems), is not clear.
7.9.1 Aepyornis eggshell d18O values
Like the carbon isotope observations, the d18O values of Aepyornis eggshell calcite is
remarkable for its lack of variability.  The weighted mean of all oxygen isotope analyses
is -0.9 ± 0.7 ‰ (n = 60) with a range of 4.1 ‰ (-3.5 ‰ ≤ d18O ≤ 0.6 ‰).  Oxygen
isotope ratios in Aepyornis eggshells are relatively invariable when compared with d18O
values obtained on ratite eggshells from Late Quaternary sequences in other semi-arid
and arid environments (Fig 7.21).  The d18O values of Dromaius eggshell from a Lake
Eyre Basin sequence spanning approximately 100,000 years range across more than
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Figure 7.21 Histogram of oxygen isotope ratios in ancient Aepyornis, Dromaius  (Miller et al.
unpublished), Genyornis (Miller et al. unpublished) and Struthio (Johnson, 1995) eggshells.
AEPYORNIS EGGSHELL BIOGEOCHEMISTRY      343
15 ‰ (Miller et al. unpublished).  Similarly, Genyornis eggshells from the first half of
this sequence exhibit a similar amount of variability.  Within these Dromaius and
Genyornis eggshell d18O datasets, ranges of approximately 10 ‰ are commonly
observed within a given marine isotope stage.  The d18O values of Struthio eggshells
from the 20,000 year sequence of Equus Cave, South Africa (Johnson, 1995), feature a
similar range to the Lake Eyre Basin eggshell data sets.  A range of at least 6 ‰ is
observed in Struthio eggshells from Elands Bay, South Africa (Lee-Thorp & Talma,
2000).
While the dataset as a whole occupies a narrow range, there are significant differences
in Holocene Aepyornis eggshell d18O values between sites (F = 3.5698, P = 0.0296,
non-parametric tests indicate that Nasua and Table Mountain values are significantly
different from values at several other sites, i.e. P < 0.05).  The inter-site trends are
depicted in Figure 7.22.  A particularly low d18O value is observed amongst the
Pleistocene eggshells from Nasua.  Despite this outlier there is not a significant
difference between the Holocene and Pleistocene d18O values for this site (non-
parametric P = 0.9565).  Similarly, the Pleistocene d18O value observed amongst the
Faux Cap fragments is close to those of Holocene eggshells from this locality.
7.9.2 Implication of conservative d18O values
A wider range in eggshell d18O values is expected in Aepyornis eggshells than
Dromaius, Genyornis and Struthio eggshells because of the positive relationship
between body size and the d18O value of body water, which should make the body water
of large animals more sensitive to changes in the d18O value of drinking water (Bryant










































Figure 7.22 Oxygen isotope ratios of the calcite of Aepyornis eggshells from various sites across
southern Madagascar.
& Froelich, 1995).  Perhaps the body of Aepyornis is more effective at homogenising
oxygen influxes because the size of the body water reservoir is larger, making water
turnover slower (the relationship between body mass and water turnover is less than
unity, so although the amount of water turned over in Aepyornis may be larger than that
in other large flightless birds, the turnover rate is slower, e.g. Williams et al. 1993).
The magnitude of the difference in eggshell d18O variability between the Aepyornis and
other eggshell datasets makes it more likely that the trend is not the result of physiology
but instead reflects the d18O of oxygen influxes.  It is therefore likely that Aepyornis had
access to either food or water that was not susceptible to the variable enrichment
induced by evaporation and evapotranspiration that readily complicates the
interpretation of biomineral d18O values in water-limited settings.  As there is no reason
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to assume that evapotranspiration in the C3 vegetation that Aepyornis relied upon
(Section 7.8.3) is remarkably different to that of the vegetation on which Dromaius,
Genyornis and Struthio subsisted, the likely source of the influx is drinking water
characterised by minimally variable d18O values.  This suggestion is supported by the
lower d18O values observed in Aepyornis eggshells relative to the values observed in
other Late Quaternary eggshell isotope sequences (Fig 7.21), although the trend could
be due in part to regional differences in rainfall 18O content (Lawrence & White, 1991,
Araguas-Araguas et al., 2000).
Of the likely sources of drinking water for Aepyornis, reservoirs of still water (i.e.
ponds, marshes, wetlands, lakes) are considered a more likely water source for
Aepyornis than river waters.  This is because rivers throughout much of the study region
are ephemeral, being dry during the winter months (Aldegheri, 1972, Parker Pearson et
al., 2002), and this is the most likely time of year that the Aepyornis breeding season
took place (Section 7.7).  From this perspective the significant differences observed in
d18O values between localities is explicable in terms of subtle differences in the d18O of
water between catchments, perhaps relating to idiosyncrasies in the d18O of
precipitation or the influence of evaporation.  The oxygen isotope results provide the
evidence necessary to identify the former ponds and wetlands of coastal southwestern
Madagascar as the drinking water supply for Aepyornis populations nesting in this
landscape.  If Aepyornis did not consume the vegetation that now dominates this
landscape (Section 7.8.3) then it is conceivable that it was access to drinking water and
not to food that attracted the birds to their nesting sites.
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7.10 NITROGEN ISOTOPE RATIOS
Previous researches have observed a negative correlation between the d15N of leaves
and mean annual precipitation (MAP) (Heaton, 1987, Austin & Sala, 1999, Handley et
al., 1999).  The relationship has been observed across a variety of sites and rainfall
regimes.  Extrapolating from this ‘global pattern’, vegetation in settings where MAP
exceeds 1200 mm have d15N values close to zero.  The 15N enrichment in progressively
drier settings is approximated by a slope of -0.003 – -0.004 ‰/mm.  Hence, d15N values
of about 3 – 4 ‰ are expected of the vegetation of the southwestern Madagascar study
region.
In general, the correlation between the d15N of an organism’s protein-rich tissues and
diet is close to unity, with the tissues enriched by approximately 2 to 3 ‰ relative to the
diet (DeNiro & Epstein, 1981).  Consequently, the protein-rich tissues of herbivores
tend to have heavier d15N values than the vegetation they consume, and the tissues of
omnivores and carnivores tend to be enriched further again (Schoeninger & DeNiro,
1984, Sealy et al., 1987).  Hence, Aepyornis eggshell d15N values several per mil
heavier than the foliage of its habitat are expected.  However, it is important to note that
in the field the slope of the relationship between the d15N of animal tissues (i.e.
collagen) and MAP tends to be steeper than the relationship of vegetation d15N versus
MAP, reflecting the effects of physiology on tissue d15N operating in tandem with the
influence of MAP on vegetation d15N values.  Where MAP is 1200 mm or greater
animal tissue d15N values tend to be about 3 ‰, and increase with decreasing rainfall at
a rate in excess of -0.01 ‰/mm (Heaton et al., 1986, Sealy et al., 1987, Gröcke et al.,
1997).  Hence, d15N values of about 12 ‰ or perhaps as high as 16.5 ‰ (-0.015 ‰/mm)
are expected of the organic fraction of Aepyornis eggshells.
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7.10.1 Aepyornis eggshell d15N values
The mean of all nitrogen isotope analyses of the organic residue of Aepyornis eggshells
is 15.3 ± 2.4 ‰ (n = 60, 8.2 < d15N < 19.6 ‰).  This mean d15N value of Aepyornis
eggshells is several per mil more positive than d15N values expected of an herbivore in
southern Madagascar.  The mean also tends to be more positive than the d15N values
observed in the collagen of large African herbivores (Sealy et al., 1987, Ambrose &
DeNiro, 1989, Koch et al., 1995) and the eggshells of other large flightless birds (Miller
et al. unpublished, Johnson et al., 1997, Johnson et al., 1998) (Fig 7.23).  When
examined for between-site differences regional differences in Aepyornis d15N values
emerge (Fig 7.24, F = 6.2905, P = 0.0002).  The d15N values of eggshells collected near
Tuléar (Songoritelo, Table Mountain, Belalanda) tend to fall within the range
14 < d15N < 20 ‰, while those from the more southerly sites (Nasua, Faux Cap and
Beraroha) tend to be slightly less enriched (10 < d15N < 17 ‰).  Significant differences
between the Holocene and Pleistocene d15N values of eggshells from Nasua are not
observed (P = 0.0978) but the Pleistocene Faux Cap d15N value is lighter than the range
exhibited by Holocene eggshells from the area.
7.10.2 Interpreting d15N values
Four potential explanations for the atypically enriched Aepyornis eggshell d15N values
are examined below, in order of increasing likeliness.  Considering the tendency
towards more positive d15N values amongst the eggshells collected near Tuléar,
processes that increase eggshell d15N values are likely to have a greater influence on
eggshells from this area.











































Figure 7.23 Nitrogen isotope ratios of the organic residue of avian eggshells (Miller et al. unpublished,
Johnson et al., 1997, Johnson et al., 1998) and the bone collagen of large African herbivores (Sealy et al.,
1987, Ambrose & DeNiro, 1989, Koch et al., 1995).








































Figure 7.24 Nitrogen isotope ratios of the organic fraction of Aepyornis eggshells from various sites
across southern Madagascar.
7.10.3 Rookery effects
Highly positive d15N values (20 to 50 ‰) have been observed amongst the soils and
plants in the immediate vicinity of seabird rookeries (Mizutani et al., 1985).  The
extreme values are due to the take-up of nitrogen from ammonium released from bird
excreta and the isotopic enrichment that takes place upon this volatisation.  If Aepyornis
nested communally, it is possible that vegetation in the vicinity of nesting sites had
atypically positive d15N values due to the influx of excreta nitrogen.  Although
plausible, the rookery effect is considered an unlikely explanation for positive eggshell
d15N values because of the localised nature of this effect. Vegetation in the immediate
vicinity of communal nesting sites would comprise only a small portion of the diet of
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each mature, female Aepyornis, and therefore contribute only a small dietary influx of
nitrogen.
7.10.4 Water stress
Larger than expected diet-tissue d15N offsets have previously been ascribed to the effect
of water stress on nitrogen cycling within an organism.  It has been proposed that water
deprivation promotes the excretion of 15N-depleted urea.  In many herbivores the
concentration and amounts of urinary urea increases in response to water conservation
in the kidney under conditions of water stress (Ambrose & DeNiro, 1987).  Elevated
excretion of 15N-depleted urea enriches the bodily nitrogen pool, promoting the
incorporation of 15N into tissues.  Invoking water stress as a mechanism responsible for
producing enriched eggshell d15N values is problematic because it conflicts with the
interpretation of eggshell d18O values in terms of access to a reliable drinking water
supply.
7.10.5 Egg production
The acute change in protein dynamics demanded by egg production differentiates the
study of the isotopes in eggshells from those in tissues that are generated or remodeled
over longer time frames, such as bones or hair.  The assumption of steady-state
physiology implicit in the study of carbon and nitrogen isotopes in bone collagen or
oxygen isotopes in hydroxyapatite, for example, may be invalid for breeding females of
an avian population (Section 3.4.5).  The proteins rapidly synthesised for production of
protein-rich yolk and albumen may be derived from either the dietary flux (Hobson,
1995) or mobilised by the catabolism of somatic tissues (Houston et al., 1995).  The
degree to which Aepyornis drew upon somatic tissues for egg synthesis is unknown, but
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this physiological phenomenon is regularly observed amongst birds, such as the
migratory Arctic-nesting waterfowl (Jönsson, 1997).
If Aepyornis drew upon indigenous protein reserves to meet the nitrogen demands of
egg production, it is possible that the d15N values of eggshell proteins are elevated as a
result.  The deamination and transamination of amino acids is considered to be a
primary source of nitrogen isotope fraction during metabolism.  These reactions favour
the mobilisation of isotopically light nitrogen.  Subsequent excretion of depleted
nitrogenous waste products (uric acid in the case of birds) serves to enrich the bodily
nitrogen pool.  This system has been used to explain increases in the nitrogen isotope
ratios of fasting geese and protein-deprived quail (Hobson et al., 1993).
One means of evaluating whether Aepyornis drew upon its ‘capital reserves’ to
synthesise its gigantic eggs is to analyse the d15N of Aepyornis bone collagen.  Because
collagen is a protein formed under physiological steady-state its d15N should be
indistinguishable from those observed in the organic residue of eggshells if processes at
steady state were controlling the isotopic composition of both tissues.  Alternatively,
relatively low collagen d15N values would support the idea that eggshell d15N are high
in response to the demands of egg production.
7.10.6 Enriched dietary inputs
The consumption of foods enriched in 15N would be reflected in more heavy Aepyornis
eggshell d15N values.  For example, if Aepyornis predated small animals this trophic
level would be reflected in high d15N values.  However, this possibility conflicts with
the diet of the extant ratites and lacks supporting palaeontological evidence.
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Enrichment of coastal ecosystems in 15N by nitrate transported in sea-spray is plausible
(Virginia & Delwiche, 1982).  However, the magnitude of the effect is unlikely to be
large enough to produce the contrasts between Aepyornis eggshell d15N values and
those of other vertebrate tissues (Fig 7.23).
In the context of the understanding of Malagasy palaeoenvironments, the mechanism
most likely responsible for producing foliage enriched in 15N is a groundwater table
enriched in 15N due to either (1) the infiltration of sea-water into the aquifer, or (2) the
nitrogen geochemistry of waterlogged soils.  The nitrogen isotope ratio of the water
table will influence the d15N of nitrogen available in the soil horizon for assimilation by
plants, and this signal will be reflected in the tissues of consumers.  The possibility that
sea-water has infiltrated the aquifer is supported by the observation of high-salinity
groundwaters close to the modern sea-level in near-shore settings (Mori, 1982).  This
phenomenon would enrich the aquifer in 15N because sea-water is characterised by a
d15N value of about 10 ‰.
Near-surface water tables are also capable of altering the nitrogen isotope geochemistry
of soils and groundwater.  For example, on local scales, Farrell et al. (1996) observed
nitrate enriched in 15N at the base of hill slopes, and Sutherland et al. (1993) recorded
relatively positive d15N values amongst soils and plants located in topographic
depressions: in both studies the relative abundance of 15N was greatest where soil
moisture was either observed or expected to be highest.  Under the anaerobic conditions
of waterlogged soils, heterotrophic bacteria, which have the ability to use dissolved
oxygen in aerobic conditions, may switch to the use of nitrate (NO3`) in respiration
(Bates & Spalding, 1998).  This process is generally described as a unidirectional, step-
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wise process that results in the conversion of nitrate to nitrogen gas and is known as
denitrification (Sweeney et al., 1978, Bates & Spalding, 1998, Chapelle, 2001):
NO3` Æ NO2` Æ NO Æ N2O Æ N2 Equation 7.2
Denitrification has isotopic consequences because it results in the export of isotopically
depleted N2 and N2O from the soil horizon (Handley et al., 1999, and references
therein), producing a residual soil/groundwater nitrogen reservoir enriched in 15N.
Assimilation of this nitrogen by higher plants results in tissues enriched in 15N that may
then be passed on to consumers.  It is therefore conceivable that Aepyornis eggshells
have anomalously high d15N values because the birds consumed vegetation growing in
poorly-aerated soils.
If the intrusion of sea-water into coastal aquifers or denitrification are responsible for
increasing the d15N of vegetation then this signature should pervade the prehistoric
ecosystems of the study region.  Assuming the vegetation consumed by Aepyornis is
representative of the littoral ecosystem, atypically positive d15N values should be
apparent in other organic residues extracted from Holocene sequences, such as bone
collagen, land snail shells and soil organic matter.  Conversely, if the high values are
Aepyornis-specific, then the likelihood that the eggshell d15N trend is a unique artefact
of breeding ecology or their response to water stress is increased.
7.11 CORRELATIONS AMONGST THE ISOTOPE RATIOS OF EGGSHELLS
In an effort to clarify the factors controlling the isotopic composition of Aepyornis
eggshells, the correlation between d13C, d18O and d15N values were explored using
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linear regressions.  The results of these regressions are presented in Table 7.7 and
illustrated in Figure 7.25.  The absence of a statistically significant relationship between
the oxygen isotope ratios of Aepyornis eggshell calcite and other isotope ratios
measured is in accord with the suggestion that the d18O values reflect a drinking water
resource unresponsive to the forces that commonly drive shifts in the isotope values of
arid environments, such as precipitation and humidity.  However, statistically
significant relationships were observed between the carbon and nitrogen isotope ratios
of Aepyornis eggshells.
Table 7.7 Linear least-squares regressions defining relationships amongst the carbon, oxygen and
nitrogen isotopic composition of Aepyornis eggshells.
Isotope ratios df SS r2 m b F P
d13C (organic) ¥ d18O 1 0.05 0.02 0.10 ± 0.10 1.39 ± 2.25 1.0670 0.3059
Error 58 28.19
d13C (calcite) ¥ d18O 1 0.45 0.02 0.07 ± 0.07 -0.10 ± 0.88 0.9150 0.3428
Error 58 28.26
d18O ¥ d15N 1 9.52 0.03 0.58 ± 0.45 15.82 ± 0.53 1.6166 0.2086
Error 58 341.61
d13C (organic) ¥ d15N 1 49.04 0.14 0.98 ± 0.32 37.90 ± 7.38 9.41 0.0033
Error 58 302.10
d13C (calcite) ¥ d15N 1 2.58 0.03 0.09 ± 0.07 -13.90 ± 1.07 1.5326 0.2207
Error 58 97.70
Encompassing all observations, there is a positive linear correlation between the d13C
and d15N of Aepyornis eggshells defined by a slope of approximately 1.0 for carbon in
the organic fraction.  The correlation is weak for carbon in the organic fraction
(P = 0.0033), and not significant for carbon in eggshell calcite (P = 0.2207).
Correlation does not imply causation; therefore it is difficult to identify the factors
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Figure 7.25 Linear least-square regressions defining correlations between the carbon, oxygen and
nitrogen isotope ratios of Aepyornis eggshells.  Regression statistics are presented in Table 7.8.
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responsible for the d13C versus d15N relationship.  However, the characteristics of the
relationship make some possible explanations for the isotopic trends more plausible and
others less so.
The closer correlation between the d15N and d13C values of the organic fraction than the
correlation with the calcite fraction d13C values is the expected result if the organic
residue is dominated by carbon and nitrogen coming from the same source, amino acids.
However, the reason why the correlation between d13C in the calcite and organic
fractions with d15N differs is not clear given the good correlation between the isotope
ratios of the two carbon fractions (Fig 7.16).
A positive correlation between d15N and d13C is expected of a trophic effect.  If, as
assumed above (Sections 7.8.3 and 7.10), eggshell organics are 3 ‰ more positive than
the diet for nitrogen isotopes and 2 ‰ higher for those of carbon, then the trophic effect
is expected to be manifested in a slope of 1.5 for Aepyornis eggshell.  However, the
trophic effect seems an imperfect explanation because the slope defining the
relationship between calcite d13C and d15N should be steeper than that observed for the
organic fraction d13C values.  Increased carnivory is expected to increase d15N values as
well as the consumption of lipids, which are characteristically depleted in 13C.  This has
the effect of reducing the offset between d13C values in the organic and calcite fractions
as predation increases, making d13C values in the latter fraction ‘overly-sensitive’ to a
shift in trophic level.
Whereas the degree of isotopic enrichment observed in the nitrogen isotope ratios of
Aepyornis eggshells may be in accord with the influence of water tables on ecosystem
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d15N values, the positive correlation between eggshell d13C and d15N values is in the
opposite direction to the trend expected of a C3 vegetation response to an increase in
soil moisture.  Typically, increased moisture stress promotes stomatal closure and
reduces the discrimination against 12C, resulting in photosynthate with high d13C values
(Farquhar et al., 1987, Tieszen, 1991).  One explanation for this contrary observation is
the influence of osmotic stress on d13C values.  Increased salinity is thought to influence
stomatal conductance in the same manner as moisture stress, so that salinity is
positively correlated with plant d13C (O'Leary, 1988, and references therein).  Perhaps
the ocean waters thought to be responsible for raising the groundwater table enriched
the soil horizon in 15N and also promoted stomatal closure by increasing salinity,
thereby producing the weak, yet statistically significant, positive relationship between
eggshell d13C and d15N values.
7.12 IMPLICATIONS FOR MODELS COMPETING TO EXPLAIN AEPYORNIS
EXTINCTION
7.1.1 Stable isotope ratios
The carbon isotope ratios of Aepyornis eggshells broadly identify the vegetation
consumed by the birds.  The d13C values therefore enable models attempting to identify
the factor/s responsible for the extinction of the genus to be refined.  Environmental
change that would reduce the abundance of C3 vegetation, such as reduced
precipitation, would have deleterious impacts on Aepyornis populations.  Alternatively,
human activities such as clearing or burning, that would reduce the amount of browse
available to Aepyornis would also have negative impacts upon the genus.  Similarly, if
the birds migrated to the thorny thicket to nest but relied upon surrounding woodlands
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for subsistence then a reduction in the extent of the latter vegetation community would
reduce the capacity of the greater landscape to support the birds.
In contrast to the carbon isotope evidence for subsistence on C3 vegetation, the oxygen
isotope results provide evidence for the use of a resource restricted to the habitat in
which Aepyornis eggshells are found.  Their attraction to these resources may have
enhanced the birds’ vulnerability to extinction.  Birds drinking at the water’s edge may
have been susceptible to attack by people and if there was a tendency towards nesting in
the vicinity of these resources this may have also made it easier for people to harvest
Aepyornis eggs.  Furthermore, if drinking water were the most valuable resource to
Aepyornis in its nesting environment then the deterioration of this resource would have
reduced the habitat range of the genus independent of the activities of people.  The
implication is that the timing of the late-survival of Aepyornis in the south may not
reflect the demise of the genus at the hands of people, disease or vegetation change.
Instead, the local extirpation/extinction may be a product of the loss of the drinking
water under the waning influence of sea-waters on water tables or a decline in
precipitation responsible for feeding this resource.
7.12.2 Radiocarbon ages and isoleucine epimerisation
Due to the small number of radiocarbon ages and amino acid analyses obtained on
Aepyornis eggshells the chronological control obtained on Aepyornis eggshells is
insufficient to confidently determine the timing of Aepyornis extinction.  Instead, the
radiocarbon ages and A/I values confirm the presence of the genus in southern
Madagascar during the Late Holocene.  The Aepyornis bone and eggshell radiocarbon

































Figure 7.26 Comparison of radiocarbon ages on Aepyornis eggshells and bones (Tables 7.1 and 7.5)
with the antiquity of pottery (Parker Pearson et al., 2002) and evidence for anthropogenic modification of
the environment (Burney, 1999) of southern Madagascar.
ages of Tables 7.1 and 7.5 are presented in Figure 7.26 alongside evidence for the
timing of the early presence of people in southern Madagascar.  Of the bone and
eggshell radiocarbon ages the youngest in the south correspond to the period 1200 – 700
AD (UCLA-1893 and OxA-8270).  The youngest radiocarbon age on the eggshells
analysed as part of this research was 1610 ± 40 years BP (OZF514), obtained on an
eggshell from Faux Cap.  Calibrated, this age corresponds with the period 410 – 530
AD.  The earliest archaeological evidence in southern Madagascar is pottery of an
African style dating to c. 600 – 900 years AD recovered from the mouth of the
Menarandra River, with additional pottery dating to c. 900 – 1200 years AD also
recovered (Parker Pearson et al., 2002).  Burney (1993) inferred the early presence of
360      AEPYORNIS EGGSHELL BIOGEOCHEMISTRY
people on the landscape from an abrupt increase in charcoal abundance in a core from
Andolonomby at around 1900 years BP, which corresponds to the period c. 0 – 250
years AD.  The chronological control generated as part of this research therefore
consolidates the radiocarbon ages in Table 7.1 some of which suggest a temporal
overlap between the late-survival of Aepyornis and presence of people on the landscape
of southern Madagascar.
Although the temporal correlation between the extinction of Aepyornis and the arrival
of people makes identifying these elements as cause and effect extremely tempting, the
inferences from the stable isotopic composition of Aepyornis eggshells demand that
reliance on C3 vegetation and groundwater-fed reservoirs be factored into models
attempting to explain the extinction of the genus.  As the Late Holocene has been
witness to the expansion of the xerophilous thicket at the expense of woodland
vegetation (Burney, 1993), a decrease in the abundance of fresh water (Goodman &
Rakotozafy, 1997), as well as the arrival of people, the individual impact of each of
these changes must be assessed in order to identify the force or forces responsible for
Aepyornis extinction in southern Madagascar.
7.13 CONCLUSIONS
From the biogeochemistry of Aepyornis eggshells our understanding of the interaction
of the elephant birds with their prehistoric Malagasy environments has been
significantly enhanced, and the potential of a geochronological technique capable of
gauging the age of Aepyornis eggshells has been assessed.  Carbon isotope ratios
provide evidence, unattainable by other means, that the Aepyornis populations that
nested in the coastal dunes of southern Madagascar were not reliant on the arid-adapted
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thorny thicket abundant in the area.  Instead, the birds obtained the bulk of their diet
from trees and shrubs characteristic of more mesic environments.  Extrapolating from
conservative oxygen isotope ratios in eggshell calcite it is concluded that the presence
of perennial ponds in a landscape of ephemeral rivers provided the birds with an
important breeding season resource.  There are a number of explanations for the
unusually positive nitrogen isotope ratios of Aepyornis eggshell organics.  This trend
might reflect the influence of reproduction on nitrogen biochemistry.  Alternatively, the
high d15N values might reflect the influence of raised water tables on soil nitrogen
geochemistry.
The full utility of the extent of isoleucine epimerisation in Aepyornis eggshells is yet to
be realised.  Paired radiocarbon ages and amino acid analyses indicate that eggshell A/I
is an effective means of gauging specimen age.  Amino acid analyses would serve as an
efficient screening technique for the identification of eggshells representing late-
surviving Aepyornis populations.  Radiocarbon dating of such specimens would
constrain the timing of extinction, an important parameter for elucidating the forces
responsible for the extinction process.  Eggshell A/I values support the trend established
by previous researchers that indicates that many of the subfossil megafauna remains
encountered in southwestern Madagascar were deposited during the Late Holocene.
Importantly, elevated A/I values and background radiocarbon ages suggest that
Pleistocene sequences of Aepyornis eggshells exist in the study region.  Further research
on the biogeochemistry of Aepyornis eggshells from these deposits and the contexts
from which they are recovered has the potential make a significant contribution to our







This thesis presents the first systematic analyses of amino acids and stable isotope ratios
in ancient Casuarius, megapode and Aepyornis eggshells.  The results are significant in
the specific contexts from which the eggshells were recovered.  They are also
significant in terms of broader investigations into the biogeochemistry of avian
eggshells because the thesis expands investigations of eggshell biogeochemistry in
taxonomic and geographical domains.  In this chapter the ways in which the aims
outlined in Chapter 1 were achieved in the individual Casuarius, megapode and
Aepyornis eggshell studies are addressed.  This provides an opportunity to bring
together information obtained from the biogeochemistry of Casuarius, megapode and
Aepyornis eggshells, and thereby synthesise the varied themes touched upon in each
study.
8.2 INCREASING OUR UNDERSTANDING OF THE ANCIENT HABITATS OF
CASUARIUS, MEGAPODES AND AEPYORNIS
The first aim of the research was to increase our understanding of the ancient habitats of
Casuarius, megapodes and Aepyornis.  The insights that the amino acid and stable
isotope biogeochemistry of Casuarius, megapode and Aepyornis eggshells provide into
their prehistoric habitats are described and discussed in detail in the previous three
chapters.  Here, these insights are reviewed in terms of (1) amino acid
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palaeothermometry, (2) isoleucine epimerisation chronological control, and (3) the
reconstruction of prehistoric environments using stable isotope ratios.
8.2.1   Amino acid palaeothermometry
Although the rate of isoleucine epimerisation has the potential to be interpreted in terms
of temperature change, an attempt to translate A/I values into an estimate of EDT was
made in only one of the case studies.  The A/I values of megapode and Aepyornis
eggshells were not interpreted in terms of temperature change due to a lack of finite
radiocarbon ages on Pleistocene eggshells.  Although the correlation between A/I and
time was maximised by selecting eggshells with the lowest values, the attempt to
interpret Casuarius eggshell A/I values in terms of temperature was problematic due to
unacceptably large error terms.  The precise reason/s for the large error terms is not
known but likely explanations relate to the influence of campfire heating events on the
rate and extent of isoleucine epimerisation, site-specific thermal regimes, and the small
magnitude of glacial temperature depression in the tropics (Chapter 5).
Future attempts to use Arrhenius parameters to interpret the rate of isoleucine
epimerisation in avian eggshells in terms of temperature will be most productive in non-
archaeological and mid-latitude settings.  While diurnal fluctuations in temperature
should be moderated in the depositional sequences of caves and rockshelters (Pillans,
1982) the occupation of these and other sites by people introduces the possibility that
eggshells from such sequences have been exposed to short-term, high temperature
heating events associated with campfires.  This potential exposure undermines
confidence in the relationship between temperatures inferred from A/I values and the
climatically-significant thermal regime.
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Mid-latitude settings are preferable for interpreting eggshell A/I values in terms of
temperature because the EDT (e.g. 15 – 25 ºC) should be large enough that the extent of
isoleucine epimerisation will be much greater than the analytical error, thereby
minimising this source of uncertainty.  In addition, climate simulations indicate that the
magnitude of Pleistocene-Holocene temperature will be greater in mid-latitude than
near-equatorial settings and this maximises the likelihood that a statistically significant
change in the rate of isoleucine epimerisation will be observed.  An eggshell isoleucine
epimerisation record of temperature change that can be critically compared with an
independent palaeotemperature record would be of great value for it would permit the
veracity of the technique to be assessed in the field for the first time.
Of the eggshells studied here those of Aepyornis are most likely to be amenable to an
assessment of temperature change from A/I values.  Casuarius and megapode eggshells
are unlikely to be productive due to their necessary association with archaeological
sites.  Although features resembling relict megapode nests have been identified
(Stocker, 1971, Stone, 1989, Noble, 1993, Benshemesh, 1995, Stone, 1995, Bowman et
al., 1999), like the nests of Casuarius, they are not conducive to the preservation of
eggshells over geological time.  Promoting the interpretation of the rate of isoleucine
epimerisation in Aepyornis eggshells in terms of temperature change is the availability
of Arrhenius parameters (Chapter 7), and the occurrence of the eggshells in the
Quaternary aeolian sequences of mid-latitude sites located in a landscape in which
people are a Late Holocene arrival.  However, such research is critically dependent on
the identification of Aepyornis eggshells between 10,000 and 30,000 years old.
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8.2.2   Isoleucine epimerisation chronological control
This study has demonstrated that the extent of isoleucine epimerisation in avian
eggshells generally exhibits a good but imperfect correlation with chronological control
provided by the radiocarbon dating technique.  In terms of sample size, this is best
demonstrated by the paired Casuarius eggshell radiocarbon ages and A/I values but is
also observed in the Holocene Alectura and Aepyornis eggshell data sets.  Relative to
the assessment of eggshell age according to its position in a stratigraphic profile, the use
of the extent of isoleucine epimerisation as a proxy for time has several strengths.  The
use of A/I avoids uncertainties such as those associated with mixing and imperfections
in sedimentation rate models, as well as the need to place specimens into coarse
temporal groups relating to stratigraphic units.  This is demonstrated in Chapter 7
where, despite the absence of a field sampling protocol and the consequential absence
of stratigraphic information, A/I values permit Aepyornis eggshells to be readily divided
into Holocene and Pleistocene groups.
Uncertainties regarding EDT and preservation state are the two key processes that
degrade the relationship between the extent of amino acid racemisation in fossils and
time.  The influence of EDT on the rate of isoleucine epimerisation is dramatically
illustrated in Chapters 5 and 6 where A/I values in Casuarius and megapode eggshells
were examined with respect to depth in the archaeological sequences from which they
were recovered.  For example, at both Kria Cave and Hay Cave excellent correlations
between radiocarbon dates and depth below the surface were observed.  However, at
Kria Cave there is a poor correspondence between the A/I values of both Casuarius and
megapode eggshells and the depth from which they were recovered.  In contrast, at Hay
Cave this correspondence is excellent, although a small number of eggshells appear to
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have fallen from the sides of the excavation to be recovered lower in the sequence.  As
argued in Chapter 5, exposure to the high temperatures of campfire heating events are
likely to be responsible for producing the poor correlation between depth in the profile
(i.e. stratigraphically-inferred age) and A/I in the Ayamaru Plateau and Aru Islands
archaeological sequences.  The contrast between these and the Hay Cave results may
relate to differences in the preparation of eggs for cooking or the ability to select
amongst a larger number of eggshell fragments at the latter site (Chapter 6).
Although poor correlations between time and the extent of isoleucine epimerisation may
be produced by diagenetic processes such as contamination and leaching, there are
several forms of evidence that can be drawn upon to contest that preservation state is
responsible for variations in the correspondence between A/I and time in eggshells from
archaeological sites. One form of evidence for the excellent preservation of amino acids
comes from the observation of high A/I values (> 1.0) in each type of eggshell studied
here. Although in archaeological contexts high A/I values are produced by atypical
diagenetic events, these high values are significant because they indicate that a wide
spectrum of molecular weight fractions is retained during diagenesis.  If the low
molecular weight fractions were being selectively removed or decomposing then the
apparent rate and extent of isoleucine epimerisation in these eggshells would be
reduced.  High A/I values in field specimens of Casuarius, megapode and Aepyornis
eggshells are therefore in accord with the evidence presented in Chapter 2 on the high
integrity of the avian eggshell with respect to the preservation of amino acids.
Additional and more direct information on the preservation state of the organic residues
in Casuarius , megapode and Aepyornis  eggshells comes from amino acid
368      SYNTHESIS
concentrations.  In Chapter 7 the relative abundance of multiple amino acids were
compared between Holocene and Pleistocene Aepyornis eggshells.  As expected, the
thermally unstable amino acids Thr + Ser were less abundant in the Pleistocene
eggshells, and the proportion of Ala, an amino acid that is common in eggshell proteins
but is also produced diagenetically, increased slightly.  Similarly, when the
concentration of Thr + Ser was examined in Casuarius and megapode eggshells
(Chapters 5 and 6) the abundance of these amino acids was observed to steadily
decrease.  In contrast, the abundance of the more thermally stable amino acids aIle + Ile
remained relatively constant.  The cohesive amino acid concentration trends in the
ancient Casuarius, megapode and Aepyornis eggshells indicate that the diagenesis of
these molecules takes place in a systematic fashion in the field.  In the laboratory it was
possible to simulate the patterns of amino acid diagenesis observed in the field, further
supporting the assertion that intrinsic processes (e.g. peptide bond hydrolysis,
deamination, decarboxylation) govern these patterns, and that they are not overridden
by extrinsic processes (e.g. microbial activity, contamination, leaching).
8.2.3   Reconstructing prehistoric environments with stable isotope ratios
The insights into the palaeoenvironments of Casuarius, Alectura and Aepyornis derived
from the isotope ratios of their eggshells are qualitative, not quantitative (with the
possible exception of the estimate of the proportion of C3 vegetation in the diet of
Aepyornis inferred from the d13C values of its eggshells).  In general terms, the
reconstructions are not quantitative because the correlation between environmental
parameters and isotope ratios is not precisely known.  More specifically, the reason for
the quantitative interpretation of eggshell isotope ratios is the inability to precisely
characterise the isotope ratio of sources and the alteration that this ratio undergoes
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during the process of the element’s incorporation into avian eggshells.  Nevertheless,
there is commonly an excellent understanding of the response (e.g. positive or negative
correlation) of isotope ratios to environmental parameters, thus creating scope for the
qualitative interpretation of the isotope ratios of eggshells.  However, this approach is
problematic when multiple independent processes or sources are able to influence
isotope ratios, thereby confounding their interpretation.  This problem is readily
encountered in the interpretation of the nitrogen isotope ratios of vertebrate tissues
because d15N values of the diet are influence by trophic level and the abundance of
moisture in the local ecosystem, and the degree to which dietary d15N values are
reflected in the nitrogen of tissues is further sensitive to the animal’s physiology.
Fortunately, environmental gradients commonly shift isotope ratios in the same
directions.  For example, drier conditions promote opening of forest canopies and
increased stomatal conductance, processes that produce higher d13C values in C3 plants
(Chapter 5).  For this reason shifts in the d13C values of Casuarius eggshells are
explicable in terms of water availability in its tropical C3-dominated habitat.
Furthermore, in this setting the d18O values of rainfall is negatively related to the
intensity of wet seasons rains.  As these rains (in the form of drinking water) are likely
to drive shifts in the d18O values of eggshells, a positive correlation between Casuarius
eggshell d18O and d13C values is expected and corroborates the interpretation of the
carbon isotope results in terms of the interaction of prehistoric precipitation regimes
with rainforest vegetation.
Another example from this research in which the interpretation of isotope ratios was
strengthened by examination of the relationship between paired isotope ratios was the
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interpretation of the link between land snail shell d13C and d18O values in terms of the
physiology of these organisms (Chapter 6).  As well as the relationship between paired
isotope ratios, this research has also exploited the range in isotope ratios to identify
probable sources (e.g. megapode and Aepyornis eggshell d13C), and the variability (or
lack of it) in isotope ratios has also been useful (e.g. Aepyornis eggshell d18O).  Perhaps
more importantly, it has been possible to integrate the insights obtained from the
analysis of eggshell isotope ratios with independent palaeoenvironmental
reconstructions of the study regions.  For example, the Casuarius eggshell d18O and
d13C results support the archaeofaunal evidence for climatically driven changes in the
structure of vegetation on the Aru Islands over the last 15,000 years.  The Aepyornis
eggshell isotope results only make sense when interpreted in terms of the dramatic
changes that have taken place in the ability of coastal southern Madagascar to support
vertebrate communities over the last several thousand years.  Such integrations are
important because the ability to provide independent yet co-ordinated insights into
divergent aspects of prehistoric habitats increases confidence in both approaches to
environmental reconstructions, and leads to a more holistic understanding of these
settings.
8.3 DOCUMENTING THE AMINO ACID AND STABLE ISOTOPE
BIOGEOCHEMISTRY OF AVIAN EGGSHELLS
The second aim of this research was to document trends that are significant in terms of
broader research into avian eggshell biogeochemistry.  Presented below are these
observations as they relate to the amino acid and stable isotope biogeochemistry of
avian eggshells.
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8.3.1  Further observations of the rate of isoleucine epimerisation varying
amongst taxa
Laboratory experiments provide a controlled setting for determining the temperature
sensitivity of isoleucine epimerisation in avian eggshells.  The completion of heating
experiments using Struthio, Dromaius, Genyornis, Casuarius, Alectura and Aepyornis
eggshells provides a survey encompassing a large number of the eggshell taxa
commonly recovered in appreciable abundances from Quaternary sequences.  Arrhenius
parameters summarising the results of these experiments are presented in Table 8.1.
Using the most recent Arrhenius parameters for each eggshell taxa the following rates
of isoleucine epimerisation are expected of an EDT of 20 ºC over the initial phase of
first-order kinetics.  The most rapid reaction is predicted for Aepyornis eggshell (k1 =
2.925 ¥ 10-5 yr-1) and this is only slightly faster than epimerisation in Dromaius eggshell
(k1 = 2.431 ¥ 10
-5 yr-1).  At 20 ºC the slowest isoleucine epimerisation is predicted for
Alectura eggshell (k1 = 5.177 ¥ 10
-6 yr-1).  The reaction rate in Struthio (k1 = 1.044 ¥
10-5 yr-1) and Casuarius (k1 = 1.089 ¥ 10
-5 yr-1) eggshells is predicted to be similar:
these values are less than half the rate predicted for Dromaius eggshell.  The reaction
rate predicted for Genyornis eggshell at 20 ºC (k1 = 1.990 ¥ 10
-5 yr-1) is about 80 % as
rapid as isoleucine epimerisation in Dromaius eggshell.
With the Arrhenius parameters in Table 8.1 interpreted in terms of expected reaction
rates, the taxonomic dependency of the rate of isoleucine epimerisation in avian
eggshells is emphasised.  The reason/s for the differing reaction rates is not known but
may relate to the primary structure of the eggshell proteins, the relative abundance of
the many proteins present in eggshells, or the interaction of the proteins with other
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Table 8.1 Arrhenius parameters reported for isoleucine epimerisation in the total acid hydrolysate of
avian eggshells.
Taxa ln A Ea Reference
Casuarius casuarius 41.1 ± 41.2 30.6 ± 0.9 This research
Alectura lathami 40.7 ± 41.0 30.8 ± 1.0 This research
Aepyornis 40.2 ± 40.1 29.5 ± 0.7 This research
Struthio camelus 36.0 31.2 Ernst (1987)
Struthio camelus 40.4 30.0 Ernst (1989), Brooks et al. (1990)
Struthio camelus 40.8 30.3 Miller et al. (1991)
Struthio camelus 40.2 30.1 Miller et al. (1992)
Dromaius novaehollandiae 39.3 29.1 Miller et al. (1997)
Dromaius novaehollandiae 39.5 29.2 Miller et al. (2000)
Genyornis 39.3 29.2 Miller et al. (2000)
elements of the eggshell (e.g. the mineral matrix but perhaps also organic components
such as eggshell pigments).  The consistent differences in the concentration of amino
acids in megapode and Casuarius eggshells point towards contrasts in the amino acid
biogeochemistry stemming from contrasting precursor protein populations.  It is
important to note that unlike mollusc shells, there does not appear to be a close
relationship between taxonomic relatedness and reaction rate.  If there were such a
relationship then results for isoleucine epimerisation in the eggshells of the Casuariids
(Dromaius and Casuarius) would be most similar.  The key implication that stems from
these observations is that parameters describing isoleucine epimerisation in one eggshell
type cannot be directly extrapolated to another, although field-based methods for
comparing results can be developed (Miller et al., 1999, Miller et al., 2000).
The activation energy (Ea) of isoleucine epimerisation in eggshells is an important
parameter because it describes the change in the reaction rate with respect to
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temperature.  A relatively high Ea is suited to examining changes in temperature
because the high Ea will promote a greater difference when the rate of isoleucine
epimerisation is observed at different isotherms.  Conversely, a relatively low Ea is
preferable for age estimation because the reduced sensitivity to temperature means that
the rate of isoleucine epimerisation will differ to a lesser extent between sites with
different thermal regimes, making A/I values more readily comparable.  When the Ea
values in Table 8.1 are examined it is noted that Casuarius eggshell may be better
suited for palaeotemperature applications, and that Dromaius and Genyornis eggshells
should be preferable for the use of the isoleucine epimerisation as a chronological
technique.  However, it is important to note that the average uncertainty associated with
the Ea values in Table 8.1 is 6 % (similar to the typical uncertainty cited by McCoy,
1987).  Even at half this uncertainty there is overlap amongst nearly all the Ea values,
suggesting that in practice there are unlikely to be significant differences in the
temperature sensitivity of isoleucine epimerisation between avian eggshells.
8.3.2   Amino acid content and eggshell thickness
Although not directly relevant to the interpretation of palaeoenvironments, the
concentration of organic residues in eggshells is an important consideration in the
preparation of samples for both amino acid and stable isotope analyses.  The analysis of
megapode, Casuarius and Aepyornis eggshells provides the opportunity to compare the
abundance of amino acids in three eggshells of contrasting thickness.  These eggshells
have thicknesses of c. 0.35, 2.0 and 3.5 mm, respectively.  Examination of the
concentration of isoleucine in Figure 8.1 reveals that these three eggshells have aIle +
Ile concentrations of c. 1.3, 2.0 and 1.5 nmol/mg.  Assuming that the abundance of aIle
+ Ile is representative of all amino acids this examination suggests that there is not a
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ready correlation between eggshell thickness and amino acid concentration.  Thus, if it
is further assumed that this small survey is representative of the biogeochemistry of all
avian eggshells then the mass of eggshell needed for an analysis will have to be
calculated for each combination of eggshell type and detection system (although the
megapode results in Figure 8.1 indicates that similar concentrations are to be expected
of eggshells across a family).  Given the ubiquitous decline in the abundance of amino
acids during diagenesis eggshells with low A/I values will be more rich in organic































Figure 8.1 Concentration of L-isoleucine and D-alloisoleucine in Casuarius, megapode and Aepyornis
eggshells.  Concentrations are plotted against A/I values.  Due to batch effects the validity of comparing
the Aepyornis eggshell concentration results to those of the other eggshells is not known.  However, the
Aepyornis eggshell results presented here should be a good first approximation.
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8.3.3   A record of oxygen isotope ratios in rainfall
Previous researchers have interpreted eggshell d18O values in terms of (1) broad
climatic trends (Folinsbee et al., 1970), (2) drinking water sources that differ across a
landscape (Cojan et al., 2003), and (3) as an index for effective moisture that primarily
reflects the isotopic effects of evapotranspiration (Johnson, 1995, Johnson et al., 1998,
Lee-Thorp & Talma, 2000).  As part of the present research, changes in the d18O values
of Casuarius eggshells have been interpreted in a fourth way: as an indirect indicator of
oxygen isotope ratios in precipitation.  If this interpretation is correct then future
research on the d18O values of avian eggshells may be productive in settings where the
d18O values of precipitation varies in response to climate change.  Also novel was the
use of the variability rather than the mean d18O value of Aepyornis eggshells to identify
the source of Aepyornis drinking water.  If alternate drinking water sources that differ in
the isotopic variability can be identified in future studies, then it may be possible to
trace the origin of oxygen in eggshell calcite from variability in d18O values, not just
their mean values.  Furthermore, if it is assumed that the drinking water accessed by
Aepyornis had a near-constant oxygen isotope ratio then the remarkably invariant d18O
values of Aepyornis eggshell calcite provide a guide to the minimum variability
expected of eggshell d18O values in the field.
8.1.4   Further observations of nitrogen isotope ratios in ratite eggshells
As part of this research d15N values in the eggshells of Casuarius and Aepyornis have
been reported.  While the d15N values of Casuarius eggshells failed to reveal
remarkable temporal and spatial trends, those of Aepyornis potentially provide insights
into the functioning of the birds’ southern Madagascar ecosystem that would be
unattainable by other means.  However, while important in terms of Aepyornis
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palaeoecology, the atypical setting makes it unlikely that the d15N trends will be
generally applicable to many other studies.  It is noted, however, that when examined
with respect to modern precipitation patterns (Fig 8.2) the nitrogen isotope ratios of
Casuarius, Aepyornis, Dromaius  and Genyornis eggshells exhibit the negative
relationship between d15N values and mean annual rainfall observed in the tissues of
plants and other vertebrates.  Although such ‘global’ patterns are likely to relate to the
influence of moisture on nitrogen dynamics in plant and animal communities the
significance of the trend in ratite eggshells is unclear given the possibility that the
Casuarius and Aepyornis d15N values are likely to reflect the influence of processes
other than mean annual rainfall (e.g. nitrogen contributed by sea-spray and the influence
of elevated water tables on the nitrogen geochemistry of soil).
8.1.5   An end-member for the range of expected eggshell d13C values
Casuarius inhabits rainforest habitat dominated by C3 vegetation, and the low d13C
values of this vegetation type will be reflected in the carbon of Casuarius eggshells.
Similarly, low d13C values would be expected of eggshells from other C3-dominated
ecosystems.  However, high humidity and the canopy effect are expected to accentuate
the trend towards low d13C values in tropical rainforest plants and animals, making d13C
values more negative than would be typically observed in a C3-dominated ecosystem.
Accordingly, the Casuarius eggshell d13C values, which are some of the lowest values
observed (Fig 8.3) provide a negative end-member for the expected range of d13C
values in avian eggshells.  Observation of d13C values more negative than those in
Casuarius eggshells is unlikely and may be indicative of anomalous carbon isotope
ratios.


















Equus Cave, South Africa
Genyornis eggshell,
Lake Eyre, central Australia
Dromaius eggshell,
Lake Eyre, central Australia
Aepyornis eggshell,
southern Madagascar
Figure 8.2 Range of d15N values in the organic fraction of ancient ratite eggshells versus current mean
annual precipitation.  Genyornis and Dromaius eggshell data from Miller et al. (unpublished).  Struthio
eggshell data from Johnson et al. (1997).  Aepyornis and Casuarius eggshell data from this research.
Lake Eyre rainfall estimated from meteorological records (Bureau of Meteorology, 2003).  Other rainfall
data estimated from the above-mentioned sources.
8.1.6   Further observations of D13C varying amongst taxa
The present research increases the taxonomic breadth of observations that characterise
the offset (D13C) between the d13C value of the calcite and organic fraction of avian
eggshells.  The frequency distribution of D13C values observed during the course of this
research amongst Casuarius, Alectura and Aepyornis eggshells, along with those
observed by previous researchers amongst Dromaius, Genyornis and Struthio eggshells,
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are presented in Figure 8.4.  A statistical inter-comparison of the mean D13C values is
provided in Table 8.2.  The statistics point towards similarities in the mean D13C values
of Genyornis eggshells and those of both Casuarius and Aepyornis eggshells.  The few
Alectura eggshell values indicate that there is a c. 16 ‰ difference between the d13C
values of the calcite and organic fraction of this sample type.  Similarly, a large offset
(c. 14 ‰) is exhibited by Struthio eggshells.  Amongst the other eggshells, the offset is
between about 10 and 11 ‰.
The implication of these observations is that taxon-specific trends in D13C must be taken
into account when interpreting eggshell d13C values.  There is not a single value
applicable to all ratite eggshells.  This complicates the interpretation of eggshell d13C
values of taxa other than those represented in this survey.  Furthermore, if the diet-
organic fraction isotopic discrimination is typically small (c . 2 ‰), then the
interpretation of calcite d13C values of eggshells not amongst those listed here must be
particularly uncertain for the taxonomic trends must be due to inter-taxa variability in
the difference between diet and calcite d13C values.  The misapplication of a diet-calcite
fraction offset can conceivably result in an estimate of dietary d13C values that is in
error by as much as 6 ‰ (an error term that would be significant in virtually all
applications of carbon isotope ratios to ecological studies).
Theoretically, the slope of the relationship between d13C values in the organic and
calcite fractions of eggshells should be close to unity but not necessarily exhibit a high
correlation co-efficient (i.e. r2 > 0.9).  This is because both carbon fractions should
respond to changes in the d13C values of the diet but variations in the macronutrient










































































-25 -20 -15 -10
 Aepyornis 
 Casuarius  Dromaius 
 Genyornis  Struthio 
 Alectura 
Figure 8.3 Relationship between carbon isotope ratios in the calcite and organic fractions of avian
eggshells. Statistics describing the linear regressions are presented in Table 8.2. The Dromaius,
Genyornis and Struthio datasets sets are from Johnson et al. (1999), Miller et al. (unpublished) and
Johnson (1995), respectively.  Data were rejected for Dromaius eggshells where D13C fell outside the
range 10.4 ± 2.0 ‰, and for Struthio eggshells where D13C fell outside the range 14.5 ± 1.5 ‰ (Johnson,
1995, Johnson et al., 1999).


































































 Alectura  Aepyornis 
 Casuarius  Dromaius 
 Genyornis  Struthio
Figure 8.1 The offset (D13C) between the calcite and organic fraction d13C values of avian eggshells.
Datasets sets are the same as Figure 8.3.  Mean D 13C values and statistical inter-comparisons are
presented in Table 8.3.
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Table 8.2 Regression statistics describing the correlation between d13C values of the calcite and
organic fraction of avian eggshells.
Regression statisticsEggshell
taxa r2 n b m F P
Alectura 0.94 9 36.0 ± 3.95 1.89 ± 0.17 119.35 < 0.0001
Aepyornis 0.49 60 10.0 ± 3.04 0.98 ± 0.13 55.26 < 0.0001
Casuarius 0.85 33 22.11 ± 2.63 1.43 ± 0.11 172.44 < 0.0001
Dromaius 0.92 66 9.77 ± 0.66 0.98 ± 0.04 737.34 < 0.0001
Genyornis 0.69 126 10.76 ± 0.99 0.99 ± 0.06 270.00 < 0.0001
Struthio 0.81 36 15.32 ± 1.91 1.05 ± 0.09 144.40 < 0.0001
Table 8.3 Statistical comparison of mean D13C values for the calcite and organic fraction of avian
eggshells.






Aepyornis Casuarius Dromaius Genyornis Struthio
15.7 ± 0.4 9 Alectura Y Y Y Y Y
10.6 ± 0.1 60 Aepyornis Y Y N Y
11.7 ± 0.2 33 Casuarius Y Y Y
10.1 ± 0.1 66 Dromaius Y Y
10.9 ± 0.1 126 Genyornis Y
14.3 ± 0.2 36 Struthio
aN = no significant difference identified, Y = significant difference identified.
bAlthough the Casuarius dataset does not approximate a normal distribution, and variance is not
homogenous, the large number of observations increases confidence in the statistical comparison.
content of the diet (that may differ in their d13C values) will introduce variability to the
trend.  A slope close to unity is important because it implies that D13C is independent of
the d13C of both carbon fractions.  Amongst Dromaius, Genyornis and Struthio
eggshells the slope is close to unity (Table 8.2) but amongst the eggshells that are the
subject of this research it is not.  In Chapter 6 the non-unity slope amongst Alectura
eggshell d13C values was explained in terms of a small sample size and the birds’
omnivorous diet.  Supporting this suggestion is the observation that the slope
approached unity when the sample size was increased to incorporate d13C values of
other megapode eggshells (Section 6.3.2).  The non-unity slope of the Casuarius and
Aepyornis eggshell d13C regressions might be an artefact of the narrow range of d13C
382      SYNTHESIS
values observed in these eggshell types.  These d13C values occupy ranges of about 5 ‰
whereas the Dromaius and Genyornis eggshell d13C values occupy ranges of more than
10 ‰.  Perhaps if the Casuarius and Aepyornis eggshell d13C regressions were included
values beyond the ranges represented in Figure 8.4 the slope would approach unity.  It is
also possible that the representation of multiple species in these data sets (e.g. C.
casuarius, C. bennet t i , C . unappendiculatus, and A . maximus, A . medius, A.
hildebrandti, A. gracilis) is responsible for drawing the slope away from unity.
Irrespective of the precise relationship between eggshell calcite and organic fraction
d13C values, palaeoenvironmental inferences drawn from the carbon isotope ratios of
eggshells will be strongest where it can be demonstrated that significant trends exist in
the d13C values of both carbon fractions.
8.2 CONCLUSIONS
Although amino acid racemisation and stable isotope analyses have been applied to a
variety of tissues such as bones, teeth and mollusc shells (marine and terrestrial)
representing faunal communities of Quaternary environments, avian eggshells are
particularly suitable to these biogeochemical techniques because they represent matrices
particularly well suited to the long term retention of indigenous amino acids.  The
investigation of Casuarius, megapode and Aepyornis eggshell biogeochemistry has
presented an opportunity to increase our understanding of the prehistoric habitats of
these birds and to further our understanding of the factors that control these
biogeochemical attributes by examining them in novel taxonomic and geographical
settings.  The present research has approached this investigation by first reviewing the
amino acid and stable isotope biogeochemistry of avian eggshells (Chapters 2 and 3),
and then using standard laboratory techniques (Chapter 4) to examine Casuarius,
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megapode and Aepyornis eggshells.  The amino acid and isotope ratios of these
eggshells were then used to assess the preservation state of their biogeochemistry and
interpreted in terms of palaeoenvironmental information.
Similar changes in amino acid concentrations were recorded under both field and
laboratory conditions with respect to increasing A/I values.  While this indicates that
amino acid diagenesis in Casuarius, megapode and Aepyornis eggshells is driven by
temperature and intrinsic processes such as hydrolysis and decomposition, mixed results
were observed when the relationship between the A/I values of ancient eggshells and
independent chronological control was examined.  These variable results are explicable
in terms of the potential for variability in the effective diagenetic temperature of the
Quaternary sequences from which the eggshells were recovered.  Where eggshells were
obtained from stratified archaeological sequences the correlation between A/I and time
was poor in some cases, but not always.  This indicates that exposure to the high
temperatures associated with campfire heating events will commonly, but not always,
confound the interpretation of A/I values in terms of time or temperature in such
sequences.  In geological (non-archaeological) settings where the relationship between
the extent of isoleucine epimerisation and time is expected to be less complex, it is more
likely that Arrhenius parameters will also enable the reaction rate to be confidently
interpreted in terms of palaeotemperatures.  From Arrhenius parameters calculated from
heating experiment the rate of isoleucine epimerisation at environmental temperatures is
expected to differ between eggshell taxa.  However, the temperature sensitivity as
expressed by Ea indicates that changes in the reaction rate with respect to EDT are
unlikely to differ significantly between eggshell taxa.
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This research has demonstrated that the stable carbon, oxygen and nitrogen isotope
ratios in avian eggshells other than those of Struthio, Dromaius and Genyornis can
provide important insights into palaeoenvironments.  Although isotope ratios in key
dietary inputs (i.e. drinking water and food) are important controls of isotope ratios in
all avian eggshells (Chapter 3), differences between settings govern the sort of
information that can be extrapolated from these biogeochemical characteristics.
Consequently, a wide variety of environmental processes are represented amongst the
d13C, d18O and d15N values of Casuarius, Alectura and Aepyornis eggshells.  For
example, the d13C values of Alectura and Aepyornis eggshells were useful in defining
the foraging habits of these birds, whereas temporal shifts in the d13C values of
Casuarius eggshells relate to the changing climate of this birds’ tropical habitat.
Despite such inter-study distinctions, there are isotopic trends and means of interpreting
eggshell isotope ratios that can be drawn from these case studies that are widely
relevant to other studies of isotope ratios in avian eggshells.
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A.1 APPENDIX TO CHAPTER 4
In 2000, when analysis of the A/I values of eggshells for this research began, the
standard practice in the INSTAAR Amino Acid Laboratory was to load the automatic
analyser of the liquid chromatograph with 12 or 13 samples and two samples (at the
start and end of a run) of a solution of common protein amino acids spiked with D-
alloisoleucine that had an A/I value of approximately 0.1.  Occasionally a second
standard with A/I = 0.5 was run.  The repeatability of the A/I = 0.1 internal standard
was excellent, hence there appeared to be little reason to run the inter-laboratory
comparison (ILC) samples of Wehmiller (1984a).  Results obtained in 2001 exhibited
an excellent correspondence with those of the previous year.  Hence, there was little
incentive to employ a more rigorous protocol.  The focus of the analyses in these years
were heating experiment results, and these revealed a well-defined, gradual increase in
A/I with respect to heating time.
In 2002, the analysis of samples needed to fill gaps in the heating experiments yielded
A/I values that were often anomalously low relative to results obtained in the previous
years.  Although some of the 2002 samples were refridgerated preparations from the
previous years, the re-preparation of etched fragments also yielded anomalous results,
confirming that storage was not the source of the anomaly.  As the A/I = 0.1 internal
standard continued to produce reasonable values, a subset of the heating experiment
samples representing a broad range of A/I values (0.05 < A/I < 1.25) was re-analysed
and exhibited the between-year offsets listed in Table A.1 and shown in Figure A.1.
The offset reached a maximum of up to about –0.1 A/I units in the mid-range of A/I
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values (ca. A/I = 0.4) and was much greater in the StdRun than the MolRun buffer
mixing program.  A third-order polynomial accurately described the inter-year offset,
and when used to ‘normalise’ heating experiment and field samples, the polynomial
produced values that (1) had acceptable analytical error (CV < 10 %) when combined
with analyses obtained in previous years, (2) produced A/I values that fitted well with
earlier heating experiment results, and (3) reduced the noise in A/I values when plotted
with respect to depth in archaeological sites: this was most notable at Hay Cave where
‘burning’ has not convoluted the interpretation of A/I in terms of sample age.




Batch (year) 2000, 2001 2002 2000, 2001 2002
0.024 0.023 0.052 0.039
0.079 0.058 0.093 0.064
0.114 0.090 0.213 0.139
0.252 0.208 0.393 0.284
0.362 0.313 0.470 0.323
0.495 0.419 0.608 0.488
0.656 0.627 0.719 0.601
0.845 0.844 0.873 0.791
0.976 0.990 0.979 0.972
1.003 1.031 1.104 1.132
1.042 1.098 1.213 1.225
1.085 1.121
The source of the inter-year offsets is not known.  The most likely explanation is inter-
year differences in column performance: the resin of columns is typically re-packed on
an annual basis.  If this is correct, results obtained on different columns should be
combined cautiously.  The ILC A, B and C standards provide one means of normalising
batch effects such as those reported here, but should be combined with other standards
(either internal or new internationally-recognised) to precisely define polynomials for
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Figure A.1 Expected and observed inter-year batch effects on the extent of isoleucine epimerisation.
The expected trend has a slope of one and intercepts the origin.  A third-order polynomial is fitted to the
observed relationship between A/I values observed in 2000-2001 and 2002.  Results are presented
separately for the StdRun and MolRun mobile phase mixing programs.
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A.2 APPENDIX TO CHAPTER 5
Table A.2 Extent of isoleucine epimerisation in Leipoa and Talegalla eggshells at 143 ºC.
Taxa Analysis numbera Time (days) A/I ± SD
Leipoa ocellata 9182 0 0.023 ± 0.003
9302 1 0.133 ± 0.003
9303 2 0.280 ± 0.013
9304 3 0.425 ± 0.009
9305 4 0.505 ± 0.011
9306 6 0.715 ± 0.008
Talegalla cuvieri 9181 0 0.024 ± 0.003
9297 1 0.138 ± 0.011
9298 2 0.280 ± 0.004
9299 3 0.415 ± 0.008
9300 4 0.526 ± 0.018
9301 6 0.733 ± 0.010























 Fit to Alectura data 
 y = 4.78 + -4.78e(-0.048x) 
Figure A.2 Comparison of A/I values in Leipoa and Talegalla eggshells to those of Alectura eggshell at
143 ºC.
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Table A.3 Rate of isoleucine epimerisation in Alectura, Leipoa and Talegalla eggshells at 143 ºC.
Eggshell taxa
Alectura Leipoa Talegalla
k1 (mean ± SE, yr
-1) 35.17 ± 2.08 43.19 ± 7.16 45.68 ± 7.80
wa 4954 416.8 351.4
aWeightings (w) are based on the reciprocal of the standard deviation associated with the rate of
isoleucine epimerisation, calculated from the A/I values presented in the previous table.
Table A.4 Linear least-squares regressions defining relationships amongst the carbon, oxygen and
nitrogen isotope ratios of Casuarius eggshells from archaeological sites.
Isotope ratios df SS r2 m ± SE b ± SE F P
d13C (organic) ¥ d18O 1 66.5 0.37 1.58 ± 0.37 32.96 ± 8.94 18.18 0.0002
Error 31 113.5
d13C (calcite) ¥ d18O 1 69.6 0.35 0.89 ± 0.18 6.03 ± 2.34 23.42 < 0.0001
Error 44 130.8
d18O ¥ d15N 1 29.2 0.27 0.40 ± 0.12 6.27 ± 0.66 11.75 0.0017
Error 31 77.1
d13C (organic) ¥ d15N 1 0.7 0.006 0.16 ± 0.35 7.92 ± 8.53 0.19 0.6620
Error 33 110.2
d13C (calcite) ¥ d15N 1 6.8 0.064 0.32 ± 0.22 8.25 ± 2.79 2.12 0.1551
Error 31 99.5
d13C (organic) ¥ d13C
(calcite)
1 55.2 0.85 1.44 ± 0.11 22.2 ± 2.60 178.93 < 0.0001
Error 31 9.6
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A.3 APPENDIX TO CHAPTER 6
Table A.5 Extent of isoleucine epimerisation and the abundance of isoleucine and hydroxyl amino





AALa SIDb A/I ± SD Thr + Ser aIle + Ile
2 1.3 9178 A 0.029 ± 0.006 5305 1577
B 0.024 ± 0.001 5357 1578
C 0.023 ± 0.001 5174 1497
D 0.023 ± 0.005 5776 1611
E 0.021 ± 0.004 5968 1634
3 3.1 9443 A 0.025 ± 0.002 5447 1613
B 0.025 ± 0.004 7197 1809
C 0.021 ± 0.008 7266 1800
D 0.021 ± 0.003 6828 1755
E 0.020 ± 0.004 6428 1602
5 6.2 9177 A 0.333 ± 0.006 483 1119
7 10.2 9442 A 0.025 ± 0.006 5231 1638
B 0.033 ± 0.001 4399 1515
C 0.045 ± 0.002 4653 1513
D 0.026 ± 0.001 4937 1575
E 0.028 ± 0.002 4800 1501
11 14.6 9176 A 0.029 ± 0.002 4217 1383
13A 18.4 9441 A 0.038 ± 0.009 4377 1487
B 0.027 ± 0.001 4327 1415
C 0.025 ± 0.002 4384 1353
D 0.025 ± 0.001 4861 1466
E 0.025 ± 0.001 4570 1563
14 19.5 9175 A 0.032 ± 0.001 4332 1511
B 0.032 ± 0.004 4316 1514
C 0.025 ± 0.002 5156 1658
D 0.029 ± 0.003 4490 1526
E 0.026 ± 0.001 4097 1352
17 26.0 9440 A 0.026 ± 0.001 4449 1443
B 0.032 ± 0.002 4505 1578
C 0.030 ± 0.004 4649 1550
D 0.031 ± 0.001 4748 1363
E 0.037 ± 0.004
18 27.4 9439 A 0.041 ± 0.011 4665 1544
21 33.1 9438 A 0.031 ± 0.003 4592 1530
B 0.033 ± 0.008 4570 1537
C 0.030 ± 0.005 4564 1628
D 0.032 ± 0.003 4307 1468
E 0.035 ± 0.008 4079 1497
Continued overleaf…
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Table A.5 continued…
22 35.6 9437 A 0.029 ± 0.002 4674 1600
B 0.037 ± 0.006 3769 1302
C 0.031 ± 0.004 4286 1487
D 0.033 ± 0.004 4422 1534
E 0.039 ± 0.003 4278 1492
24 40.2 9174 A 0.028 ± 0.001 4432 1485
B 0.030 ± 0.002 4261 1403
C 0.037 ± 0.002 4016 1356
D 0.040 ± 0.002 4012 1417
E 0.056 ± 0.001 4665 1619
25 42.3 9436 A 0.042 ± 0.005 4075 1366
B 0.031 ± 0.006 4578 1449
C 0.039 ± 0.007 4196 1349
D 0.043 ± 0.008 4150 1356
E 0.037 ± 0.005 4721 1450
26 43.9 10082 A 0.030 ± 0.002
B 0.053 ± 0.002
27 46.0 10083 A 0.057 ± 0.004
B 0.039 ± 0.001
28 47.2 10084 A 0.053 ± 0.002
B 0.054 ± 0.001
29 50.5 9173 A 0.069 ± 0.013
B 0.061 ± 0.001
C 0.056 ± 0.004 4477 1568
D 0.056 ± 0.003 4568 1575
E 0.022 ± 0.001 5718 1313
31 55.9 9435 A 0.054 ± 0.001 3655 1380
B 0.059 ± 0.001 3813 1461
C 0.054 ± 0.007 3890 1450
D 0.056 ± 0.004 4460 1538
E 0.053 ± 0.007 4281 1563
32 57.5 9434 A 0.056 ± 0.003 3550 1417
B 0.058 ± 0.007 3341 1402
C 0.056 ± 0.003 4360 1551
D 0.071 ± 0.001 4888 1358
E 0.036 ± 0.009 4075 1385
33 59.5 10085 A 0.071 ± 0.001
B 0.058 ± 0.003
C 0.062 ± 0.002
34 61.8 10086 A 0.218 ± 0.004
B 0.056 ± 0.001
C 0.059 ± 0.001
35 63.2 10087 A 0.073 ± 0.003
B 0.134 ± 0.006
C 0.067 ± 0.003
D 0.091 ± 0.003
Continued overleaf…
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Table A.5 continued…
36 65.7 9172 A 0.066 ± 0.002 3996 1495
B 0.132 ± 0.005 3066 1291
C 0.054 ± 0.008 4275 1451
D 0.063 ± 0.004 5986 1886
E 0.156 ± 0.003 3757 1461
F 0.143 ± 0.001
G 0.064 ± 0.001
H 0.144 ± 0.001
37 66.8 9433 A 0.146 ± 0.007 3137 1254
38 70.0 10088 A 0.152 ± 0.007
B 0.037 ± 0.006
39 71.6 9171 A 0.031 ± 0.001 4455 1488
41 77.4 9170 A 0.054 ± 0.009 3675 1442
42 80.1 9432 A 0.067 ± 0.001 3502 1330
62 127.7 9431 A 0.064 ± 0.002 3452 1384
aINSTAAR Amino Acid Laboratory code.
bUnique AAL identifier.
Table A.6 Carbon and oxygen isotope ratios of Alectura lathami eggshells and Hadra land snail shells
from Hay Cave.
Eggshell (n = 54) Land snail shell (n = 71)Excavation
unit Mean depth (cm)
d13C (‰) d18O (‰) d13C (‰) d18O (‰)
3 3.1 -8.7 -6.3
5 6.2 -14.5 -6.7
5 6.2 -17.9 -3.9
5 6.2 -14.7 -2.4
5 6.2 -17.8 -5.4
6 8 -7.5 1.9
6 -7.6 1.3
7 10.2 -9.8 -6.0
11 14.6 -7.4 -2.2 -4.3 -0.5
11 14.6 -2.0 0.2
13 18.4 -7.2 -3.5
14 19.5 -7.1 -2.8 -10.4 -5.7
14 19.5 -6.8 -5.6 -10.1 -5.0
14 19.5 -5.5 -4.1 -10.1 -5.7
16 23.8 -7.0 -2.0
16 23.8 -6.5 -2.4
Continued overleaf…
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16 23.8 -8.4 -4.9
18 27.4 -5.0 -1.5
18 27.4 -6.1 1.5
21 33.1 -7.9 -0.7 -9.2 -5.3
21 -9.1 -5
24 40.2 -10.8 -5.9 -7.2 -1.3
24 40.2 -5.6 -5.2
24 40.2 -7.1 -7.5
26 43.9 -7.7 0.5
26 43.9 -7.8 0.5
27 46 -5.9 6.0 -8.7 -0.4
27 46 -8.8 -0.8
27 46 -10.6 -3.8
28 47.2 -6.8 -2.9
29 50.5 -6.1 -0.5 -8.4 -0.4
29 50.5 -6.5 0.0 -8.4 -4.3
29 50.5 -7.2 -7.4 -8.6 -4.3
31 55.9 -6.4 0.4
31 55.9 -6.4 -7.7
31 55.9 -5.7 -5.7
36 65.7 -5.5 -21.5 -8.1 -2.4
37 66.8 -8.1 -24.1 -6.5 0.9
37 66.8 -5.0 -21.0 -5.9 0.4
37 66.8 -6.6 -22.6 -7.6 -1.0
37 66.8 -6.7 0.0
37 66.8 -7.5 -1.4
38 70 -6.7 -22.7 -6.9 0.1
38 70 -6.2 -22.2 -7.7 -1.1
38 70 -8.4 -24.4 -9.0 -1.2
38 70 -6.7 -22.7 -8.5 -1.0
38 70 -7.0 -23.0 -8.6 -1.0
38 70 -8.0 -24.0 -8.8 0.1
39 71.6 -7.2 -23.2 -7.9 2.5
39 71.6 -6.1 -22.1 -11.4 -0.7
-6.7 0.6
40 74.5 -7.7 -23.7 -7.5 -2.3
40 74.5 -6.0 -22.0 -7.7 -0.9
40 74.5 -5.4 -21.4 -11.9 0.2
41 77.4 -5.6 -21.6 -6.8 -0.6
41 77.4 -7.1 -2.5
41 77.4 -6.9 1.1
42 80.1 -9.3 -1.1
42 80.1 -5.3 -0.3
Continued overleaf…
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42 80.1 -6.3 1.8
43 83.1 -7.0 -23.0 -5.9 2.0
43 83.1 -6.8 -22.8 -7.6 2.1
43 83.1 -7.4 -23.4 -7.7 -3.4
44 85.8 -12.3 -1.3
45 89 -5.2 -21.2 -8.0 -1.9
45 89 -10.4 -3.4
45 89 -9.5 -4.4
A.4 APPENDIX TO CHAPTER 7
Table A.7 Amino acid composition of Aepyornis eggshell heated at high temperatures.





Thr + Ser Glx Gly Ala aIle + Ile Leu
110 9771 3 7136 11670 7838 8766 4232 7099
9772 7 4563 7821 5762 5632 2636 4645
9773 13 4178 9274 6365 6752 3021 5430
9774 15 3629 9957 6717 7481 3314 5832
9775 20 2485 10908 7286 8393 3874 6167
10071 30 2301 10623 6858 8115 3342 5906
10076 45 85 10434 5462 7643 2731 4271
143 9757 1.04 1109 3879 2502 2919 1190 2089
9758 2 701 4016 2689 3164 1215 2083
9759 3 277 3594 2214 2854 1045 1815
9760 4 179 3023 1781 2325 834 1434
9761 5 143 2999 1940 2405 803 1363
9762 6 129 2753 1649 2241 753 1287
9763 8 117 8703 5195 7436 2342 4004
9764 11 18 3653 2120 3135 972 1636
9766 20 36 4121 2304 3440 980 1606
9767 25 71 10625 6183 8892 2693 4211
9769 37 0 10300 5918 8234 2419 3688
9770 49 0 9527 5753 7558 2145 3083
160 9748 3 5206 11322 7838 8758 3982 6768
9749 6 3272 10646 7354 8364 3453 6087
9750 9 2655 11401 7901 9192 3854 6495
9751 12 1665 10726 7165 8801 3545 6075
9752 18 1018 10423 6870 8763 3316 5707
9753 24 758 10393 6859 8814 3263 5568
9754 36 359 11095 7307 9611 3398 5595
9755 48 143 10599 6657 9118 3126 5158
9756 72 55 8623 5613 7426 2232 3739
aINSTAAR Amino Acid Laboratory code.
bThe units of time in the 110 and 143 ºC experiments are days.  The units at 160 ºC are hours.
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Table A.8 Extent of isoleucine epimerisation in Aepyornis eggshells.
Collection site AALa,b A/I ± SDc Sample identification
Faux Cap 9691A 0.201 ± 0.001 EB1
9691B 0.222 ± 0.011 EB2
9691C 0.262 ± 0.007 EB3
9691D 0.762 ± 0.009 EB4
9691E 0.094 ± 0.014 EB5
Songoritelo, nr Tulear 10552 0.194 ± 0.001 USNM521007
10553 0.229 ± 0.001 USNM521008
10554 0.204 ± 0.001 USNM521009
10555 0.194 ± 0.001 USNM521010
10556 0.248 ± 0.001 USNM521011
10557 0.275 ± 0.001 USNM521012
10558 0.235 ± 0.001 USNM521013
10559 0.282 ± 0.001 USNM521014
10560 0.192 ± 0.001 USNM521015
10561 0.217 ± 0.016 USNM521016
10562 0.209 ± 0.001 USNM521017
10563 0.226 ± 0.002 USNM521018
10564 0.259 ± 0.001 USNM521019
10565 0.280 ± 0.001 USNM521020
10566 0.235 ± 0.008 USNM521021
10567 0.250 ± 0.006 USNM521022
Nasua, nr Itampolo 10483 0.060 ± 0.002 USNM521023
10484 0.071 ± 0.004 USNM521023
10485 0.070 ± 0.003 USNM521024
10486 0.076 ± 0.006 USNM521025
10487 0.105 ± 0.007 USNM521026
10488 1.360 ± 0.036 USNM521027
10489 0.084 ± 0.007 USNM521028
10490 0.065 ± 0.006 USNM521029
10491 1.325 ± 0.035 USNM521030
10492 0.057 ± 0.003 USNM521031
10493 0.922 ± 0.005 USNM521032
10494 0.093 ± 0.001 USNM521033
10495 1.275 ± 0.035 USNM521034
10496 0.075 ± 0.001 USNM521035
10497 0.081 ± 0.001 USNM521036
10498 1.080 ± 0.001 USNM521037
10499 1.095 ± 0.007 USNM521038
Table Mountain, nr Tulear 10500 0.272 ± 0.001 USNM521039
10501 0.169 ± 0.002 USNM521040
10502 0.210 ± 0.001 USNM521041
10503 0.225 ± 0.001 USNM521042
10504 0.205 ± 0.001 USNM521043
10505 0.210 ± 0.001 USNM521044
10506 0.234 ± 0.001 USNM521045
10507 0.174 ± 0.002 USNM521046
10508 0.218 ± 0.001 USNM521047
10509 0.181 ± 0.001 USNM521048
10510 0.250 ± 0.001 USNM521049
10511 0.244 ± 0.001 USNM521050
Continued overleaf…
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10512 0.154 ± 0.001 USNM521051
10513 0.183 ± 0.001 USNM521052
10514 0.287 ±0.001 USNM521053
10515 0.277 ± 0.001 USNM521054
aINSTAAR Amino Acid Laboratory code.
bAll AAL codes less than 10000 correspond to samples analysed during 2002 and these are considered a
separate batch to those with AAL codes greater than 10000 which were analysed in 2003.
cValues normalised to 2001 A/I values.
Table A.9 Amino acid concentrations in Aepyornis eggshells.  Results are presented for samples
analysed in 2002; eggshells from Faux Cap and those collected by the University of Sheffield – Musée
d’Art et d’Archéologie research team.





Ser Glx Gly Ala aIle + Ile Leu
Faux Cap 9691A 0.201 1901 4254 2820 3044 1353 2337
9691B 0.222 2181 4819 3077 3461 1565 2717
9691C 0.262 1968 4180 2685 2891 1307 2358
9691D 0.762 434 3465 1986 2440 973 1675
9691E 0.094 2788 4168 2800 3043 1451 2526
Collection 9776A 0.115 2343 3422 2270 2407 1178 2026
  site not 9777A 0.831 373 3289 1859 2399 946 1586
  known 9778A 0.130 2625 4706 2949 3397 1521 2666
9779A 0.959 201 3601 2046 2737 1076 1819
9780A 0.864 316 3100 1811 2277 892 1498
9781A 0.152 2485 4752 3052 3345 1511 2657
9782A 0.160 2789 5276 3367 3779 1762 3000
9783A 0.177 2620 5280 3410 3793 1701 2966
aINSTAAR Amino Acid Laboratory code.








d15N (‰) d18O (‰)
Faux Cap EB1 9691A -14.5 -23.6 13.3 -2.1
EB2 9691B -13.3 -23.3 17.6 -1.4
EB3 9691C -13.5 -24.1 10.9 -1.7
EB4 9691D -14.7 -24.9 8.2 -1.1
EB5 9691E -13.1 -24.0 12.0 -1.6
Beraroha USNM41892A -14.5 -25.5 10.8 -1.1
USNM41892B -11.8 -21.4 15.5 -0.2
Continued overleaf …
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Belalanda USNM41893A -11.9 -22.5 18.5 -0.4
USNM41893B -14.7 -23.9 13.9 -0.9
USNM41893C -13.6 -23.2 19.6 -1.4
USNM41893D -12.1 -22.6 17.8 -1.0
USNM41893E -12.0 -22.4 15.3 -1.1
Songoritelo USNM521007 10552 -11.8 -22.2 15.3 -2.0
USNM521008 10553 -11.7 -23.1 15.4 -0.6
USNM521009 10554 -11.0 -22.4 16.6 -0.5
USNM521010 10555 -10.9 -22.8 17.4 -0.6
USNM521011 10556 -12.0 -23.0 18.5 -0.6
USNM521012 10557 -13.3 -22.8 17.0 -0.8
USNM521013 10558 -11.4 -22.8 16.9 -0.4
USNM521014 10559 -13.3 -22.9 18.4 -0.6
USNM521015 10560 -11.9 -23.6 17.2 -0.9
USNM521016 10561 -12.3 -22.5 16.3 -1.8
USNM521017 10562 -10.8 -22.6 18.1 -0.6
USNM521018 10563 -14.9 -24.1 19.5 -1.5
USNM521019 10564 -13.6 -23.5 17.5 -1.5
USNM521020 10565 -12.3 -22.5 16.6 -1.0
USNM521021 10566 -11.1 -22.6 18.5 -0.6
USNM521022 10567 -12.0 -22.6 17.4 -0.8
Nasua USNM521023 10483 -13.1 -22.9 15.6 -0.7
USNM521024 10485 -11.5 -22.3 16.8 -0.2
USNM521025 10486 -14.6 -23.6 15.8 -0.7
USNM521026 10487 -14.5 -24.3 14.5 0.4
USNM521027 10488 -13.0 -23.1 15.1 0.1
USNM521028 10489 -12.2 -23.4 14.4 -0.1
USNM521029 10490 -11.8 -23.0 12.4 -0.5
USNM521030 10491 -8.9 -21.8 11.1 -3.5
USNM521031 10492 -13.5 -23.3 14.1 -0.5
USNM521032 10493 -13.0 -23.6 15.6 -0.3
USNM521033 10494 -14.2 -24.4 15.9 -0.7
USNM521034 10495 -12.5 -24.6 14.8 -0.6
USNM521035 10496 -12.6 -23.2 14.0 -0.2
USNM521036 10497 -11.3 -22.5 14.9 0.3
USNM521037 10498 -10.0 -22.4 10.6 0.6
USNM521038 10499 -11.6 -22.3 12.9 -0.6
Table Mountain USNM521039 10500 -11.6 -22.5 18.3 -1.7
USNM521040 10501 -13.9 -23.6 13.5 -1.4
USNM521041 10502 -13.8 -23.3 13.8 -1.4
USNM521042 10503 -11.3 -21.4 17.5 0.2
USNM521043 10504 -12.3 -23.5 14.6 -1.3
USNM521044 10505 -14.0 -24.1 11.8 -1.8
USNM521045 10506 -10.7 -23.2 14.4 -1.6
USNM521046 10507 -13.9 -26.0 14.2 -1.5
USNM521047 10508 -13.9 -25.0 12.9 -1.3
USNM521048 10509 -14.0 -23.8 16.4 -1.5
USNM521049 10510 -12.3 -22.5 16.6 -1.3
USNM521050 10511 -12.3 -21.8 13.5 -1.3
USNM521051 10512 -13.7 -23.7 13.0 -1.2
USNM521052 10513 -11.1 -23.0 16.9 -0.8
USNM521053 10514 -12.1 -23.4 13.8 -1.1
USNM521054 10515 -12.4 -21.7 17.1 -1.4
aINSTAAR Amino Acid Laboratory code (AAL).
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Provided in Table A.11 are the radiocarbon ages, stable isotope ratios and A/I values of
fragments of Aepyornis eggshell analysed during the course of the research but not
included in Chapter 7 due to the absence of information on their collection site.  The
specimens were provided by the Division of Birds at the Smithsonian National Museum
of Natural History (specimens obtained by Marden in 1967 from ‘Ampalora’), Jean-Luc
Schwenninger (University of Oxford) and his colleagues at the University of Sheffield
and the Musée d’Art et d’Archéologie, by Alison S. Brooks (The George Washington
University) (who acquired a small number of fragments from the Smithsonian), and the
Western Foundation for Vertebrate Zoology.  The latter sample was collected by
‘Etchecopar’ in 1954.  It is likely that most, if not all, of the fragments were obtained
within the southwestern Madagascar study region.  Thus, it is not surprising that the
biogeochemical analyses reported here accord with those discussed in Chapter 7.
Table A.11 Results of biogeochemical analyses conducted on additional Aepyornis eggshells.














USNM41891A -11.2 -23.8 14.0 1.7
USNM41891B -13.8 -24.8 11.5 1.8
USNM41891C -10.9 -23.7 13.7 1.7
USNM41891D -13.7 -24.7 10.9 1.8
USNM41891E -11.3 -23.6 12.7 1.7
MAD93-A2 -14.8 OxA-5077 2285 ± 40 9776A 0.115 ± 0.009 -11.6 -23.8 12.9 -1.7
MAD93-A7 -14.0 OxA-5079 NDFBd 9777A 0.831 ± 0.001 -15.3 -25.1 7.7 -0.1
MAD93-A10 -12.7 OxA-5078 1415 ± 40 9778A 0.130 ± 0.001 -13.1 -23.9 12.1 -1.4
MAD93-K12 9779A 0.959 ± 0.002 -14.5 -25.0 9.3 -1.3
MAD95-20 9780A 0.864 ± 0.001 -12.1 -22.8 9.3 -1.0
MAD97-27 9781A 0.152 ± 0.002 -12.3 -23.5 13.7 -0.3
MAD97-28 9782A 0.160 ± 0.007 -14.1 -23.8 11.9 -0.9
MAD97-45 -13.3 OxA-8281 2285 ± 35 9783A 0.177 ± 0.002 -13.5 -24.4 12.2 0.0
WFVZ 10299A - -13.3 -24.3 11.4 -0.1
Brooks-SNMNH 10230A - -12.5 -23.0 13.4 -0.1
Brooks-SNMNH 10230B - -13.5 -23.9 11.6 -0.1
Brooks-SNMNH 10230C - -12.9 -23.8 11.1 -0.5
aUSNM = Smithsonian National Musuem of Natural History (these samples are from Ampalora), MAD
field codes = University of Sheffield – Musée d’Art et d’Archéologie, WFVZ = Western Foundation for
Vertebrate Zoology, Brooks/SNMNH = Smithsonian specimen provided by Alison S. Brooks.
bINSTAAR Amino Acid Laboratory code.
cNDFB = not discernable from background (i.e. beyond the practical limit of radiocarbon dating).
